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PREFACE

This report is a continuation of the Alouette-ISIS Program Summary
(Jackson, 1986). The concept of the program summary, as developed at the
National Space Science Data Center (NSSDC), includes not only a
description of the objectives, spacecraft, experiments, and flight
performance, but also a complete experiment-related bibliography along
with a comprehensive assessment of the technological and scientific
accomplishments. The 1986 Program Summary includes all the above items
except the discussion of the scientific accomplishments. The present
report provides the scientific results from the first four of the six spacecraft
of the Alouette-ISIS program, namely Alouette 1, Explorer 20, Alouette 2
and Explorer 31. These spacecraft were designed, built and launched
during the first decade of NASA (1958-1968), a period during which the
NASA space program experienced its highest rate of expansion. The first of
the above spacecraft, the Canadian satellite Alouette 1 provides a perfect
example of a very early space mission with rapid development, international
prestige and worldwide participation.

In December 1958, a few months after the creation of NASA, the Defence
Research Telecommunications Establishment (DRTE) in Ottawa, Canada
proposed an ambitious and bold satellite program of ionospheric
investigations to be carried out in cooperation with NASA. The Canadian
proposal was ambitious because it would in effect assume the responsibility
for much of NASA's planned effort in the ionosphere discipline. The
boldness was in the experimental approach which required technology that
did not exist in 1958. Because of the remarkable success of their program,
the Canadians actually carried out space missions that NASA would
otherwise have had to undertake. The Canadian competence was also a
valuable addition to NASA's ionospheric team. Because of the Canadian
leadership in ionospheric research, many NASA ionosphere scientists
proceeded during the mid and late sixties to build their own programs
around that of Canada. This is exemplified by the second spacecraft
discussed in this report (Explorer 20) and by the fourth spacecraft
(Explorer 31), which was launched simultaneously with Alouette 2. The
scientific cooperation between Canada and the United States culminated in
the two ISIS satellites which, however, are not discussed in the present
report.

The organization of this report is by spacecraft in chronological order.
Thus, the report begins with a discussion of Alouette 1, followed by
Explorer 20, Alouette 2 and Explorer 31. The scientific results for the
period September 29, 1962 to August 25, 1964 were based almost entirely
on Alouette 1. Later publications, however, were frequently based on results
from two or more spacecraft. Typically, these results are presented only
once in this report and they appear with the discussion of an earlier
spacecraft whenever this leads to a more logical organization of the text.
This policy tends to make the Alouette 1 portion of the report slightly
longer than it would have been otherwise. This procedure, however, has
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also led to the inclusion of certain ISIS 1 and ISIS 2 results that appeared in
publications based on both ISIS and earlier spacecraft. Because of its
importance throughout the Alouette-ISIS program, and because it was by far
the most important investigation on Alouette 1, the topside sounder
technique is discussed in great detail in the beginning of the report under
Alouette 1. This also lengthens the Alouette 1 discussion. The main factor,
however, contributing to the length of the Alouette 1 portion of this report
is the total number of Alouette 1 publications. This number exceeds by at
least 60 percent the total publications for any of the succeeding spacecraft
of the Alouette-ISIS program (Jackson, 1986, Fig. 1).

The compilation of the present report was made possible by the support of
the NSSDC management, particularly Dr. James I. Vette and Dr. Joseph H.
King, and by the use of the NSSDC resources, especially the Technical
Reference File (TRF), a computerized space science literature file. This file
contains some 38,000 literature citations coded according to satellite(s) and
experiment(s). The task of producing a program summary and scientific
overview can thus be greatly simplified with the help of appropriate
computer printouts from the above NSSDC file. In this regard, the author is
indebted to Patricia Ross for supervising the production from TRF of
numerous printouts giving comprehensive bibliographies relevant to each
experiment discussed in this report, and for supervising the computer
compilation of the list of references at the end of the report. The author is
also grateful for the extensive editorial assistance provided by Mary Elsen
and Robert Richards.
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1. ALOUETTE 1 RESULTS
1.1 Introduction

Alouette 1, the first satellite designed and built by a nation other than the
United States or the Soviet Union, was constructed at a time when most
satellites had a useful lifespan of a few months. Although Alouette 1 was as
complex as any previously launched satellite, rapidly advancing technology
and the extreme care exercised in all phases of the Alouette 1 development
had led the Canadian builders to expect that their satellite would operate for
at least 1 year. Their most optimistic prediction was 5 years of declining
usefulness. No one, least of all the project team, would have dreamed of the
10-year life that was actually achieved by Alouette 1. Many, in fact, shared
the more conservative view of John Chapman, the leader of the Canadian
team, who stressed that even 3 months of operation should be considered a
complete success, since this would contribute enormously to the then very
limited knowledge of the topside ionosphere. In its first 3 months of
operation, Alouette 1 produced some of the most exciting data obtained
during the entire 50-year history of ionospheric research, and it continued
to provide valuable information until its tenth birthday.

Alouette 1 is best known for its swept-frequency topside sounder
experiment. The other experiments (VLF, cosmic noise, and energetic
particle measurements) were, however, equally successful and they also
remained operational for 10 years. The Alouette 1 mission resulted in over
300 publications! in refereed scientific journals. About 80 percent of the
Alouette 1 publications were based on the ionograms obtained from the
topside sounder experiment. In its first 3 years of operation, Alouette 1
obtained over a million ionograms, each equivalent to a snapshot of the
ionosphere from the Alouette 1 altitude of 1000 km down to an altitude of
about 300 km. These ionograms have provided data at all geomagnetic
latitudes and at geographic latitudes ranging from 80 deg N to 80 deg S.
After 10 years, Alouette 1 had produced two million ionograms.

The wealth of information provided by Alouette 1 (and to a lesser extent by
the later satellites of the Alouette/ISIS program) also has led to an unusually
large number of summary papers (Nelms, 1964; Davies, 1965; Bourdeau et
al., 1965; Chapman, 1966; Calvert, 1966¢; Paghis et al., 1967; Chapman and
Warren, 1968; King, 1969a; Jackson and Warren, 1969; Eccles and King,
1970; Nelms and Chapman, 1970; Bowhill, 1970; Jackson et al., 1980;
Cogger, 1982).

1 This number includes about 60 publications based partly on Alouette 1
and partly on other satellites of the Alouette-ISIS program.



1.2 The Topside Sounder Experiment
1.2.1 Introduction

The data from the topside sounder have been processed into ionograms
having essentially the same format as that used since the late thirties for
ground-based soundings. The use of a data presentation that was familiar to
ionosphericists throughout the world and the rapid availability of these data
to the international scientific community were additional reasons for the
extraordinary success of the Alouette 1 mission. Because of this extensive
international participation, a considerable amount of effort was devoted to
the development of data processing and data analysis techniques, resulting
in a rather extensive literature on these topics. The discussion of the
Alouette 1 topside sounder experiment will therefore include the technical
and scientific contributions in the areas of data processing and analysis.

1.2.2 Acquisition and Processing of Sounder Data

The techniques used for the acquisition and processing of the data from a
given satellite tend to be of very limited interest outside the small group
directly concerned with the data handling responsibility. In the case of the
topside sounder experiment, these techniques were of considerable interest
to a dozen or so research institutions throughout the world who participated
in the acquisition and processing of topside sounder data.

Most of the sounder data were acquired and processed using the system
described by Franklin et al. (1969). Particularly helpful to the users of
ionograms is the detailed analysis of range resolution and range accuracy
given by Franklin et al. (1969). Further information on range accuracy has
been given by Franklin and Bibby (1969) (Appendix E, Minutes of the 19th
ISIS Working Group Meeting). A discussion of frequency calibration and
frequency accuracy has been given by Benson (1969, 1972a, b). Although
the format is basically the same for all Alouette-ISIS ionograms, significant
differences exist in sounding ranges, frequency ranges, and sweep rates
with corresponding differences in range and frequency calibrations. The
various ionogram formats used for Alouette 1, Alouette 2, ISIS 1 and ISIS 2
have been described by Jackson (1988).

The elaborate system described by Franklin et al. (1969) was needed for
maximum quality and reliability. Useful data have also been obtained using
the much simpler arrangements described by Ferguson and Green (1969)
and by Arendt et al. (1969).

1.2.3 Scaling and Interpretation of Sounder Data
An ionogram contains a wealth of information, typically 5x10° pixels, each

with an associated intensity. lonograms exhibit a great variety of
electromagnetic phenomena, but only a small fraction of the available



information is used for any given application. Selection of the useful data is a
problem in pattern recognition, a task which for many years was considered
beyond the capability of existing digital computers,? but one that a trained
operator can (in most cases) perform with relative ease (Hagg et al., 1969;
Watt, 1967, 1969).

The features of interest in a topside ionogram can be classified in four broad
categories, each category being the basis for a unique group of scientific
investigations. These categories are (1) reflection traces that can be used to
derive the electron density N as a function of the altitude h (see Sections
1.2.4.1 to 1.2.4.4); (2) reflection traces that are generally unsuitable for N(h)
analysis, but are instead either a measure of ionospheric irregularities such
as spread-F echoes (see Sections 1.2.8.1 to 1.2.8.6) and sporadic-E echoes3
or a measure of the total electron content between the satellite and the
ground such as ground echoes;® (3) local resonances which can be used for a
great variety of plasma physics studies (see Sections 1.2.9.1 to 1.2.9.6); and
(4) radiofrequency signals, such as auroral kilometric radiation (observed
mainly with ISIS 1), that are unrelated to sounder transmissions and
therefore observable with the swept-frequency receiver whether or not the
sounder transmitter is turned on.

1.2.4 Analysis of Vertical Incidence Reflection Traces
1.2.4.1 Simplified Analysis

Detailed scaling of a reflection trace (vertical incidence ionospheric echoes)
and extensive computer processing are required to obtain vertical electron-
density profiles. The scaling is at least one order of magnitude simpler, and
a computer is not needed if only the density at the satellite and/or at the
peak of the F2 region is desired. The simpler scaling procedure was the
basis for a number of ionospheric studies, done mostly during the early days
of topside soundings (Hagg, 1963; Thomas and Sader, 1964; Dayharsh and
Farley, 1965). These studies typically involved the simplified scaling of a

2 Routine computer scaling of topside ionograms has recently been
achieved by Reinisch and Huang (1982). A variety of ISIS 1 and ISIS 2
ionograms was used to test this new scaling procedure.

3 At frequencies greater than the critical frequencies of the F2 region,
topside ionograms occasionally exhibit echoes returned either from
E-region irregularities known as sporadic E (see Section 2.3.5) or from
the ground (see Section 1.2.4.4, 3rd paragraph). The retardation

observed on the ground echo is a measure of J:s Ndh, where hg is the
satellite height.



few thousand ionograms. The simpler scaling procedure was performed to a
considerably greater extent by the topside sounder team at the Defence
Research Telecommunications Establishment (DRTE)¢ in Ottawa, Canada.

All Alouette 1 ionograms recorded between 1962 and 1968 have been scaled
for the electron density at the satellite and at the peak of the F2 region.
These measurements have been tabulated, together with appropriate orbital
and geophysical parameters. The tables also include data concerning the
presence (or absence) of spread F, sporadic E, and ground echoes.
Performing the required manual scaling, data interpretation, and evaluation
on about one and a half million ionograms was truly a monumental data
analysis task. The results were published in the 114 volumes of Alosyn data
(Alouette topside sounder synoptic data). The Alosyn books have been used
as a source of reduced data for various synoptic studies (King et al., 1968d;
Chandra and Krishnamurthy, 1968; Fatkullin, 1970a; Gondhalekar, 1973;
Gondhalekar and King, 1973; Sharma and Hewens, 1976) or as a catalogue
raisonné from which ionograms could be selected for further analysis
(Soicher, 1973).

Titheridge (1976c¢) devised a very simple technique for obtaining the slope
dN/dh of the vertical electron-density profile at the satellite height. This
slope, according to the diffusive equilibrium theory (see Section 1.2.5.3),
provides information on the plasma temperature and composition at the
satellite height. Titheridge showed that the slope could be calculated with
an accuracy of 5 percent from a simple formula that utilizes data routinely
compiled for Alosyn and one additional parameter that is easily scaled from
an ionogram. Titheridge used ISIS 1 ionograms to illustrate his technique
because a wide variety of dN/dh values was thus available, and because the
high quality of ISIS 1 ionograms made it possible to calculate the full
electron-density profile from which dN/dh can be accurately determined.

1.2.4.2 Calculation of Vertical Electron-Density Profiles

Alouette 1 was initially planned as a topside sounder satellite as part of a
topside sounder program conducted jointly by Canada and the United States.
Although other experiments were added later, topside soundings remained
the principal experiment on Alouette 1. The original purpose of topside
soundings was to provide data from which the electron density N could be
derived as a function of altitude h. The calculation of N(h) from topside
sounder data is a problem that has received considerable attention (Thomas
et al., 1963; Fitzenreiter and Blumle, 1964; Doupnik and Schmerling, 1965;

4 DRTE became the Communications Research Centre (CRC) in April 1969.



Vasseur and Felstein, 1968; Jackson, 1969a, and other papers cited later).
Since this type of calculation was required for a large number of
Alouette/ISIS publications, an outline is given here of the basic concept
involved and of the limitation of the procedure.

The basic measurement of a topside sounder is the time t required for a
pulse radio signal to propagate to its reflection point and return to the
sounder. The apparent path length P'defined as ct/2 (where c is the
velocity of light in vacuum) is related to the propagation path p by the
formula:

L(f)
P(f)= K n'[N(p), f. B(p). ¢ (p)idp
o]

n' = group refractive index,>

B = magnitude of the terrestrial magnetic field,
¢ = angle between the magnetic field vector and direction of propagation,
pPo = location of sounder,
p,(f) = location of reflection point at frequency f,

and other terms have been previously defined. The basic sounder data are
presented in the form of ionograms or P‘(f) records which show the
apparent path length P'as a function of frequency. The equation was
written in terms of a generalized propagation path p to indicate that the
sounder data do not necessarily correspond to "vertical" incidence. The
propagation path is, however, essentially a vertical path if the electron-
density distribution is a function of altitude alone (spherically stratified
ionosphere). In this case the variable p in the equation becomes the altitude
h and the equation thus modified shows the relationship between the P'(f]
ionogram data and the desired vertical electron-density profile N(h). The
N(h) function is obtained from the equation by an inversion procedure. Most
P'(f) to N(h) inversion techniques assume that stratification is essentially
spherical within the ionospheric region from which the sounding echoes are
received, and that the propagation path is vertical.

5 See Equation 2.119 on p. 93 in Davies (1966).



The inversion techniques used with topside ionograms are similar to the
techniques developed earlier for ground-based soundings (Special Issue of
Radio Science, Oct. 1967). With topside data, however, much greater care
must be exercised in the handling of the magnetic field parameters in the
equation.

Since topside soundings are obtained from a moving platform, the
continuous satellite motion also must be taken into consideration. The P'(f)
to N(h) conversion for topside ionograms requires the manual scaling of a
reflection trace (usually the extraordinary one) and extensive computer
processing of the resulting P'(f) data. This relatively laborious analysis has
been carried out for over 60,000 Alouette 1 ionograms. Most of this work
was done at DRTE (now CRC) in Ottawa. Other participating agencies
included the Ames Research Center of NASA and the Radio and Space
Research Station in Slough, England. An excellent summary of the available
topside sounder data has been given by King (1969b).

1.2.4.3 The P'(f) to N(h) Inversion for Complex Ionograms

The investigations discussed in Section 1.2.4.3 were conducted to solve P'(f)
to N(h) inversion problems met primarily with topside soundings from
altitudes greater than 2000 km (high-altitude Alouette 2 and ISIS 1
ionograms). Although these investigations were caused primarily by
Alouette 2 data, the resulting refinements in P'(f) to N(h) inversion
techniques will be given here to provide greater continuity in the discussion
of this topic.

On many high-altitude ionograms the low-frequency portion of the reflection
trace is missing or cannot be scaled with adequate accuracy. Analysis
techniques were developed to solve this problem (Jackson, 1972). It was
also found that some of the iteration techniques developed for the analysis of
Alouette 1 ionograms would not converge when applied to some of the very
high-altitude Alouette 2 ionograms. More refined iteration procedures were
developed to overcome this difficulty (Lockwood, 1970).

Nonvertical propagation tends to become a more serious problem with high-
altitude ionograms. Oblique propagation can be caused by departure from
spherical stratification, a problem investigated by McCulley (1972). Another
common deviation from vertical propagation occurs when the soundings are
guided by irregularities aligned with the terrestrial magnetic field.
Techniques for analyzing the corresponding field-aligned traces have been
developed by Jackson (1972) and Lockwood (1972).

On some ionograms either the direction of propagation or the scaled P'(f)
values may be uncertain. This difficulty has been overcome to some extent
by using computer-aided scaling techniques in which the computer
calculates and plots the ordinary trace based on the operator's extraordinary



trace scaling. The operator compares the computed and observed ordinary
traces and uses this information to revise the original scaling. The
procedure is repeated until satisfactory agreement is achieved (Lockwood,
1972).

1.2.4.4 Accuracy of the P‘(f) to N(h) Inversion

Because of its complexity and underlying assumptions, the P'(f) to N(h)
inversion techniques have been subjected to extensive theoretical and
experimental tests.

It is well known that the geomagnetic field causes deviations from vertical
propagation even in a spherically stratified ionosphere. It had also been
known for at least two decades before the advent of topside soundings that
these deviations can be ignored in the analysis of ground-based soundings.
Much greater lateral deviations were expected in topside soundings where
path lengths can be an order of magnitude greater than those occurring in
ground-based soundings. The magnitude of the resulting errors were,
however, unknown. The problem of lateral deviations in topside soundings
was investigated theoretically in Canada and in the United States. The most
complete documentation on this subject was presented by Colin et al.
(1969a), who found that lateral deviations up to 500 km can occur for
topside soundings from a height of 3000 km. Colin et al. (1969a), however,
concluded that "the resultant effects on analysis accuracy were generally
tolerable" for a spherically stratified ionosphere. Colin et al. {1969a) also
investigated the effects of lateral deviations in the presence of modest
horizontal gradients in the electron-density distribution and concluded that
the combined effects could introduce serious errors in the analysis.

The accuracy of the P’(f] to N(h) inversion also was checked by a number of
experimental procedures, the easiest one being to compare topside
soundings with bottomside soundings obtained at the same location and
time (Dot and Faynot, 1965; Arendt and Papayoanou, 1965; Bernard and
Taieb, 1970; and Becker, 1971). Due to the difficulty of finding a
statistically significant number of good space and time coincidences under
quiet ionospheric conditions, the results tend to be inconclusive. The most
detailed investigation of simultaneous topside and bottomside soundings was
conducted by Jackson (1969b) using Alouette 1 and 2 ionograms obtained
from altitudes ranging from 520 to 2200 km. He concluded that the N(h)
profiles deduced from topside soundings had a tendency to be too low. At
the height of maximum density (h_F2) the error was found to increase with

satellite altitude, resulting in an overlap between topside and bottomside
profiles. The errors in the topside profiles, however, were usually found to
be too small to detract from the general usefulness of topside ionograms. A
unique aspect of Jackson's study was the use of the ground reflection traces
to check the combined topside and bottomside profiles.



Incoherent backscatter soundings of the ionosphere were also used to check
the accuracy of topside P'(f) to N(h) inversion (Calvert, 1966¢; Cohen and
Van Zandt, 1967). The most detailed study seems to be that of Fleury and
Taieb (1971) who found that the topside profiles agreed with the incoherent
scatter profiles in 17 out of the 20 cases investigated. The three other cases
showed overlaps comparable to those found by Jackson (1969b).

One attempt was made to check an Alouette 1 profile with a sounding rocket
measurement (Bauer et al., 1964). This measurement showed that the
Alouette 1 profile was slightly lower than the rocket profile. The results of
the various experimental comparisons discussed above can be summarized
as follows: the profiles derived from topside ionograms are either correct or
too low, they cannot be too high, if the ionograms have been properly scaled.

1.2.5 Global Electron-Density Distribution (Quiet Ionosphere)
1.2.5.1 Introduction

One of the most important results of the Alouette 1 mission was to provide
the first worldwide picture of the electron-density distribution in the
topside ionosphere. Previous data of this type had been limited to a few
rocket measurements and incoherent backscatter soundings at three or four
locations. The first week of topside soundings provided more information
about the topside electron-density distribution than had been obtained from
all sources prior to the Alouette 1 launch. The Alouette 1 orbit was such
that (1) data were obtained at all geomagnetic latitudes and (2) a full diurnal
cycle was achieved in 3 months; i.e., once for each season. These
characteristics, combined with the extraordinary longevity of Alouette 1
(resulting in data for nearly a full solar cycle), led to the most
comprehensive survey ever conducted of the topside ionosphere. A wealth
of information was obtained on the global morphology of the topside
ionosphere, resulting in approximately 125 publications on various aspects
of this broad subject. Because of the very large number of publications, many
of these have not been quoted in the overview. The overview summarizes
the typical investigations that have been conducted and provides
representative references in each case.

A few studies, based on early (1962-1963) observations, have provided the
first information on the diurnal and seasonal variations of the "pole-to-pole”
electron-density distribution in the topside ionosphere (Nelms, 1966;
Thomas and Rycroft, 1970). The data provided by Nelms (1966) covered
the region near 75 deg W longitude, under magnetically quiet (Kp< 3)

conditions. Twelve "pole-to-pole” sets of data for different local times
approximately 2 hours apart were given for a period near the June solstice.
A similar group of data was given for a period near the March equinox. The
"pole-to-pole" electron-density contours show that the quiet topside
ionosphere can be divided into three geomagnetic latitude regions:
equatorial +20 deg, midlatitude 20 to £70 deg, and high latitude 70 to 90



deg (Paghis et al., 1967). In addition to diurnal and seasonal variations,
these regions exhibit (even under quiet magnetic conditions) a large number
of irregularities (spread F, ducts, troughs, ledges, etc.) and anomalies.®

Most of the Alouette 1 publications on the topside morphology are
concerned either with one of the three regions or with a specific
ionospheric phenomenon (such as a given anomaly, a type of irregularity,
eclipse effects, or storm behavior). The topics to be discussed in Section
1.2.5 are related primarily to the quiet undisturbed ionosphere. Results
related to ionospheric storms are given in Section 1.2.6.

1.2.5.2 The Equatorial Ionosphere

The morphology of the topside equatorial ionosphere has been studied
primarily in two longitude zones, the first one close to 105 deg E (Asian
sector), the second one close to 75 deg W (American sector). The first
investigation of the topside anomaly in the Asian sector was conducted by
King et al. (1964). A similar study was carried out for the American sector
by Lockwood and Nelms (1964). Both studies were based upon Alouette 1
data for the period October to December 1962. These early studies revealed
essentially the same general diurnal development and decay of the equatorial
anomaly in the topside ionosphere. Shortly after sunrise the constant-
density contours exhibit a single peak centered above the magnetic equator.
When the anomaly develops later during the morning, two peaks are
observed, one on each side of the magnetic equator. When the peaks are
first observed, they are present only at altitudes less than about 500 km. By
midafternoon the peaks can be seen, typically up to an altitude of about 800
km. These peaks are aligned with a different magnetic field line at different
local times. The peaks are usually not symmetrical (in either amplitude or
location) with respect to the magnetic equator. The asymmetry, however, is
more pronounced in amplitude than in location. The anomaly disappears
gradually in the late afternoon. The main difference between the results of
King et al. (1964) and Lockwood and Nelms (1964) was in the local times of
initial appearance and decay of the anomaly. The anomaly seemed to
develop earlier and decay sooner in the Asian sector than in the American
sector. Additional information on the equatorial topside ionosphere, based
on data for the period October 1962 to December 1963, has been provided
by Rush et al. (1969), who showed that the topside anomaly was symmetric
about the dip equator when the sun was over the dip equator. The

6 The term ionospheric anomaly is used when the electron-density
variation departs significantly from simple solar control. Equatorial
anomaly refers to the fact that N is not maximum at the equator when the
sun is directly overhead. The ionospheric seasonal anomaly refers to
electron densities being greater in winter than in summer.



asymmetry was most clearly developed at 75 deg W during the December
solstice, the anomaly crest being more pronounced in the summer
hemisphere. A more recent study by Sharma and Hewens (1976) using
Alosyn density data at h, F2 for approximately 1120 equatorial passes during

low sunspot years (1962-1964) at longitudes between 55 and 90 deg W
showed that the anomaly develops essentially at the same local mean time in
the Asian and American sectors. The discrepancy between the results of
Lockwood and Nelms (1964) and the results of King et al. (1964) was due to
insufficient data between 0930 and 1100 h LMT in the work of Lockwood
and Nelms. Sharma and Hewens (1976) also found pronounced seasonal
variations in the morphology of the topside anomaly. The evening
disappearance of the anomaly occurs at an earlier local time during the
months of November, December, January, and February than during other
months of the year. The position and amplitude asymmetries of the anomaly
peaks also were shown to depend upon the season. Topside sounder data
also have been used to supplement aircraft and ground-based studies of the
equatorial anomaly in the African sector (Vila, 1971).

The new information on the equatorial anomaly made possible the
development of theoretical models. Most theories are based upon the
interaction of the ionosphere with the earth's magnetic field via
mechanisms involving drifts and currents. Some theories have considered
control due to production, loss and temperature effects. Considerable
success has been achieved by various authors in reproducing from basic
theory the experimentally observed characteristics of the topside anomaly
(Goldberg, 1969).

King and Eccles (1968) used topside sounder data to investigate the
equatorial ionosphere during the annular solar eclipse of November 23,
1965. The eclipse day was very quiet magnetically. The equatorial region
near 105 deg E was eclipsed from 0930 to 1230 h LMT; i.e., during a
significant part of the anomaly development phase. An Alouette pass at the
same longitude at 1500 h LMT showed that the eclipse had no effect on the
development of the equatorial anomaly.

King and Reed (1968) showed that the topside electron densities in the
equatorial ionosphere increased by a factor of between 2 to 5 during periods
of enhanced 10.7 cm solar flux. The effect was found to be more
pronounced at a latitude where the magnetic dip was 30 deg than it was
above the magnetic equator. There was no corresponding effect on the
critical frequencies of the F2 region. King and Reed concluded from these
observations that the entire topside electron distribution was displaced
upward during periods of enhanced solar flux. -

1.2.5.3 The Midlatitude Ionosphere

The electron-density distribution in the topside ionosphere most nearly
approximates spherical stratification under midlatitude, daytime conditions,
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as can be seen in typical pole-to-pole constant density contours (Nelms,
1966). During the night, however, the contours tend to be irregular at all
latitudes.

Bauer and Blumle (1964) have shown that the diurnal variation of the
midlatitude ionosphere decreased with altitude, the amplitude of the
variation being approximately four times greater at 400 km than at 1000
km. This behavior changed drastically north of the 70 deg magnetic dip
line, where the normalized variations at 400 and at 1000 km were found to
be basically the same. These observations led Bauer and Blumle to conclude
that the 70 deg dip line represents an approximate northern boundary for
the midlatitude ionosphere. Midlatitude diurnal variations also were studied
by Legg et al. (1967) and by Dyson (1967c) using Alouette 1 data for the
Asian sector (Southern Hemisphere). Each study included data for two
seasons. Both studies showed that a secondary maximum was present near
midnight at all altitudes between 400 and 1000 km. This secondary
maximum could not be seen by Bauer and Blumle (1964) because their study
did not include sufficient data for the period 2200 to 0200 h LMT.

The studies of Legg et al. (1967) and of Dyson (1967c) showed no evidence
of the seasonal anomaly at heights above 400 km, in complete contrast to
the ionospheric behavior below h_F2. Dyson (1967c) noted a diurnal

anomaly in winter (nighttime density values as large as or larger than
daytime values). King et al. (1968c) showed that the seasonal anomaly was
completely absent at 1000 km in the American sector at all geographic
latitudes between 20 deg N and 60 deg N. Fatkullin (1970a) showed that
the midlatitude seasonal anomaly extends to heights above h_ F2 in a manner

that depends upon latitude. In the Northern Hemisphere in the American
sector, the anomaly reaches its maximum height of 500 km at geographic
latitudes between 46 and 53 deg N. Fatkullin (1970b) also found that the
altitudinal extension of the seasonal anomaly was dependent on local time,
the maximum upward extension being observed between 1400 and 1500 h
LMT.

At midlatitudes the topside electron density decreases exponentially with
altitude as would be predicted by the diffusive equilibrium theory (Johnson,
1960). In its simplest form this theory relates the slope of the vertical
electron-density profile to the average ionic mass and to the effective plasma
temperature (average of electron and ion temperature). In the more
complete theory the height derivative of the effective temperature must be

included in the slope formula. Since the ionic mass is basically 16 (0% for a
few hundred kilometers above h_F2, the diffusive equilibrium theory

provides a way to derive the p'asma temperature from a vertical electron-
density profile (if temperature gradients are negligible). Conversely, if the
temperature is assumed to be constant, one can infer changes in average
jonic mass as a function of altitude. Early attempts to interpret midlatitude
topside electron-density profiles in this manner have been made by Bauer
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and Blumle (1964), Thomas and Dufour (1965), Watt (1965), and Smith and
Kaiser (1967). Bauer (1969) has pointed out that these interpretations were
not necessarily correct since they were based upon assumptions concerning
the altitude variations of the parameters involved. In recent years, however,
an increased understanding has been achieved of the many factors that

control the shape of vertical electron-density profiles. This new knowledge

has enabled Titheridge (1976a, b) to derive reliable OY/H* ion transition
height and plasma temperature information from a large number (60,000) of
electron-density profiles obtained with Alouette 1. Titheridge has shown
that his analysis techniques yield dependable results, not only at
midlatitudes, but also at low and high geomagnetic latitudes. The work of
Titheridge has yielded the diurnal and seasonal variations of ion-transition
height and plasma temperature, for geomagnetic latitudes between 90 deg N
and 75 deg S under solar minimum conditions. Although less accurate than
direct measurements, Titheridge's results were useful because they filled
gaps where direct measurements were not available.

The midlatitude topside ionosphere during sunrise also was investigated
with the Alouette 1 topside sounder data. Initial studies of the sunrise
behavior (King et al., 1968a; Watt, 1971) were based on a small number of
Alouette 1 passes occurring near sunrise. On such passes, the solar zenith
angle could vary from 105 to 95 deg over a latitude range of about 12 deg.
The sunrise behavior could therefore be seen on a single pass if the
latitudinal variation effects were negligible. Based upon a study of three
satellite passes near sunrise, Watt (1971) concluded that the electron
density exhibits a sharp decrease at all altitudes as the solar zenith angle
decreases from 105 to 98 deg. Further decrease in solar zenith angle
results in a rapid increase in density.

A more comprehensive study of midlatitude sunrise phenomena was
conducted by Soicher (1973) in which latitudinal and solar zenith angle
effects were separated by using data from 40 sunrise orbits. Soicher showed
that the topside sunrise behavior exhibits a strong latitudinal control. South
of 55 deg N the sunrise effects include temperature increases and ion mass
changes. North of 55 deg N the sunrise variations are characterized mainly
by temperature increases. Topside electron densities at fixed altitudes
decrease with increased illumination at all altitudes and latitudes until the
time of ground sunrise.

Alouette 1 topside sounder data were used by King et al. (1967b) and by
Smith and King (1969) to investigate the effects of two solar eclipses upon
the midlatitude topside ionosphere. Measurements were made during the
annular eclipse of January 25, 1963, and during the partial eclipse of
January 14, 1964, both of which occurred in the South Atlantic region
during magnetically quiet days. The eclipse effects were presented as a
function of magnetic dip to facilitate comparisons with control days. The
electron-density was found to decrease, typically by a factor of 2, at all
heights and locations investigated during an Alouette 1 pass on January 25,
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1963, that occurred 20-70 min after the middle of the eclipse. Maximum
effects were seen at a dip of 60 deg S (approximately 50 deg geomagnetic)
due to a combination of percent obscuration and local time differences
between the eclipse and the Alouette pass. For the eclipse of January 14,
1964, data were obtained 11 min before, 93 min after, and 200 min after
the center of the eclipse. During both eclipses the greatest percent
reduction in electron-density occurred at an altitude of 400 km. The data
indicated that the topside ionosphere had returned to normal by about 3
hours after the center of the eclipse.

1.2.5.4 The High-Latitude Ionosphere

According to Paghis et al. (1967), the £70 deg geomagnetic latitude can be
considered as the boundary between high-latitude and midlatitude
ionospheres. This definition is consistent with the daytime contrast
between the very irregular electron-density contours in the 70 to 90 deg
(polar) regions and the smooth, low-gradient contours in the +20 to £70 deg
(midlatitude) regions. Many characteristics of the polar ionosphere,
however, are evident, particularly during the night, at geomagnetic latitudes
between 50 and 70 deg. Thus, Bauer and Blumle (1964) have suggested that
the 70 deg dip line (corresponding to 50 deg geomagnetic latitude) could be
taken as the boundary between midlatitude and polar ionospheres. Many
authors (Thomas et al., 1966; Nishida, 1967; Jelly and Petrie, 1969), have
included the 50 to 70 deg geomagnetic latitude range in their discussions of
the polar ionosphere. The topside ionosphere morphology discussed in
Section 1.2.5.4 is based primarily upon Northern Hemisphere data obtained
in the geomagnetic latitude range from +50 to +90 deg.

The high-latitude topside ionosphere was virtually unknown prior to the
advent of the Alouette 1 satellite. The Alouette 1 topside sounder data has
shown that this region exhibits a series of maxima (peaks) and minima
(troughs) as a function of latitude” (Thomas et al., 1966). According to
Thomas et al. (1966), the principal features of the polar ionosphere are (1)
the midday polar peak observed at about 75 deg geomagnetic; (2) the
nighttime auroral peak seen around the auroral zone, and (3) the nighttime
"midlatitude” trough found near 58 deg geomagnetic. In one of the most

7 The latitudinal maxima have been referred to as peaks in the literature.
These maxima should not be confused with maxima in vertical profiles,
which are also called peaks. The latitudinal minima have been called
troughs, because of their east-west persistence on successive satellite
passes.
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quoted papers8 of the Alouette-ISIS program, Muldrew (1965) showed that
troughs were a persistent feature of the nighttime high-latitude ionosphere.
The midlatitude (or main) trough is first seen in the late afternoon at about
70 deg geomagnetic. It gradually moves to lower latitudes during the
evening hours. At 2200 h LMT the main trough is at about 58 deg
geomagnetic latitude, and it stays at that latitude until sunrise. Muldrew
(1965) also showed that the high-latitude troughs f(i.e., the low-density
regions between the high-latitude peaks) were also centered on the
geomagnetic poles. Muldrew (1965) suggested that the main trough was a
low-altitude extension of the plasmapause, because the magnetic L lines
(Mcllwain, 1961) through the main trough were approximately the same as
the L lines corresponding to the plasmapause. Later studies (Rycroft and
Thomas, 1970; Rycroft and Burnell, 1970) have shown that the main trough
and the magnetospheric plasmapause are located on the same L line for a
given value of K,

The trough studies of Muldrew (1965) were based mainly upon topside
sounder data for h, F2. The main features of the topside polar ionosphere as

a function of altitude were obtained by Nishida (1967). Over 3000 Alouette 1
N(h) profiles were used in this work. Nishida's results showed that the
general characteristics of the main trough could be seen at all altitudes up to
the height of Alouette 1 (1000 km). The overall complexity of the electron-
density contours (at fixed heights) was found to decrease as a function of
altitude. Because of the averaging process used in the analysis, Nishida's
results tend to eliminate much of the complex structure of the polar
ionosphere. Nishida's results, however, are useful as a smoothed average
picture of the polar ionosphere.

Sato and Colin (1969) showed that the electron density peaks at 1000 km
tend to cluster in three well-defined regions around the geomagnetic pole.
Region 1 includes all geomagnetic latitudes greater than 80 deg and
magnetic local times centered at 0500 and 1800. Region 2 is located
between 75 and 80 deg, and region 3 extends typically from 60 to 70 deg
geomagnetic. Peaks occur primarily in the daytime in region 2 and during
the night in region 3. Sato and Colin (1969) showed that the peak
clustering could be caused by particle ionization due to precipitation of low-
energy electrons (E < 1 keV). From their study of the topside polar
ionosphere, Thomas and Andrews (1969) have concluded that poleward of
the main trough the ionization is due mainly to particle precipitation.

8 The paper by Muldrew (1965) was quoted 148 times during the period
1965-1977, according to the "Citation Classic" in Current Contents, 19,
no. 2, p. 10, Jan. 8, 1979.
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As mentioned earlier the main trough is a nighttime phenomenon.
Consequently the excellent correlation between the main trough and the
plasmapause is also a nighttime phenomenon. Titheridge (1976e) derived
from the analysis of topside N(h) profiles some features of the topside
jonosphere at 1000 km that correlate with the plasmapause at all times of
the day. Titheridge used the techniques discussed in Section 1.2.5.3 (4th
paragraph) to calculate mean plasma temperatures and ion composition data.
The resulting temperature versus latitude data exhibited a broad maximum
corresponding to the plasmapause. The ion composition data also could be
used to define the position of the plasmapause. A second and much sharper
maximum in the daytime temperature data was located beneath the
magnetospheric cleft at a geomagnetic latitude of about 77 deg (Titheridge,
1976d).

1.2.6 Topside Ionosphere (Magnetically Disturbed)
1.2.6.1 Introduction

The effect of magnetic disturbances on the ionosphere below h, F2 has been
investigated since the late thirties (Berkner et al., 1939). The early studies
showed that a large decrease in electron density occurs near the peak of the
F region during the main phase of a geomagnetic storm. In some cases (G-
condition) the maximum density of the F2 region becomes less than the
maximum density of the F1 region. Conversely, such ionospheric behavior is
nearly always associated with magnetic storms.

1.2.6.2 Scale Heights vs. K,

The data from Alouette 1 provided the first opportunity to investigate the
behavior of topside N(h) profiles as a function of geomagnetic activity. Watt
(1966) found that the ionospheric scale height

g =pndh
dN

at 700 km decreases at night with increasing values of the magnetic index
K, Watt found no correlation between K, and daytime scale heights. Watt's

study was limited to dip latitudes between 48 deg N and 72 deg N and to K,

values less than 4+ (which are hardly within the storm regime). Using
Alosyn data for the period October 10, 1962, to March 31, 1963, Chandra
and Krishnamurthy (1968) showed that the electron densities at the
satellite, N, and at the peak of the F2 region, N, show a positive

correlation with K, only at magnetic dips between 45 and 50 degrees.
Positive correlations were found for N, at the dip zone 65-75 and for N, at

the dip zone 0-5. King et al. (1967a) have shown that abnormally small
ionospheric scale heights occur in the region of the South Atlantic anomaly
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during magnetic disturbances. King et al. suggested that this localized
phenomenon was due to electrons dumped from the radiation belt.

1.2.6.3 Effects Below and Above 500 km

Ondoh (1967) showed that the effect of magnetic storms on topside profiles
is often opposite below and above 500 km. King et al. (1967c) also reported
this difference between low- and high-altitude behavior. In addition,

King et al. observed latitude variations and the fact that the equatorial
anomaly was less pronounced during storms. Sato (1968) extended
considerably the scope of previous studies by describing the behavior of the
topside ionosphere between 60 deg N and 60 deg S for 20 separate storms
during 1962 and 1963. There was no severe storm during this period since
the solar activity was near a minimum. The K, values for the 20 storms were

between 4 and 6. Sato's study revealed two types of disturbance patterns, D
(daytime) and N (nighttime). The D type includes both increases and
decreases in density, relative to the undisturbed vertical N(h) profile; the N
type shows only enhancements.

1.2.6.4 Effects Related to Storm Development

Bauer and Krishnamurthy (1968) were the first to relate storm-time effects
in the topside ionosphere with the phase of the storms. They showed that
the topside behavior during a geomagnetic storm varies not only with
longitude (i.e., day and night sector) but also with the development of the
storm through its initial (or positive) phase, its main (or negative) phase and
its recovery phase. Bauer and Krishnamurthy suggested that the
enhancements and depletions of the topside ionosphere are related to
compressions and expansions of the magnetosphere. Another important
contribution to the understanding of the complex storm phenomenon was
made by Arendt (1969) who showed that the topside response to a geo-
magnetic storm depends upon the nature of the storm's commencement
(sudden vs. gradual commencement).

1.2.6.5 Effects on Polar Ionosphere

In spite of its irregularity the topside polar ionosphere exhibits certain near-
permanent structures, such as the polar peak, the auroral peak and the main
trough. Nishida (1967) showed that these structures become accentuated
during storms (i.e., higher peaks and deeper troughs). Herzberg and Nelms
(1969) have shown examples of the G-condition (see Section 1.2.6.1) seen
from the topside. A more unusual condition, first reported by Herzberg and
Nelms, is the S-condition during which the ionosphere appears to contain a
series of minitroughs with a nearly periodic spatial structure. The
S-condition has been seen only following a solar proton flare.
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1.2.6.6 Recent Storm Studies and Conclusions

The most recent Alouette 1 paper on ionospheric storms is by Fatkullin
(1973) who obtained storm results agreeing with those of Bauer and
Krishnamurthy (1968), provided the nature of the storm was taken into
consideration as emphasized by Arendt (1969). Fatkullin's work also
revealed a remarkable similarity between the altitude variation of storm
effects and the altitude variation of the seasonal anomaly. This similarity led
Fatkullin to suggest that both phenomena might result from the same major
cause; namely, changes in neutral upper atmospheric composition. Fatkullin
pointed out, however, that this approach may explain the height variation of
storm effects, but not the other aspects of storm phenomena that are far
more complicated than the seasonal anomaly.

In summary, topside sounder data from Alouette 1 have shown that the
topside electron density changes during a geomagnetic storm in a manner
that depends on altitude, latitude, local time, storm time, and type of storm.

1.2.6.7 Midlatitude Red Arcs

Topside sounder data have been used to study ionospheric effects associated
with midlatitude red arcs, a phenomenon observed during magnetically
disturbed periods around sunspot maximum. These red arcs occur at much
lower latitudes (L = 2 to L = 4) than do the polar zone auroras (L > 4). These
red arcs can extend several thousand kilometers in magnetic longitude, and
they can last from several hours to several days. About 12 arcs per year were
seen during 1957 and 1958. None was seen from September 1963 to
September 1967. A midlatitude red arc reappeared on September 29,
1967, and was investigated by Alouette 1, Alouette 2, and Explorer 31. The
Alouette 1 sounder data (Norton and Findlay, 1969) showed that the
electron density increased at 1000 km as the satellite passed over the arc.
At altitudes near h, F2, i.e., close to the arc altitudes, the electron density

was found to decrease. The Alouette 2 sounder data also presented by
Norton and Findlay (1969) showed electron-density decreases both at h_F2

and at 2000 km as Alouette 2 passed over the arc. Data from the
electrostatic probe on Alouette 2 (Norton and Findlay, 1969) showed an
increase by a factor of two in the electron temperature at 2000 km over the
arc. The Explorer 31 data (Chandra et al., 1971) showed a similar increase
in electron temperature and a decrease in ion density by a factor of 10.
Alouette 1 sounder data obtained during the midlatitude red arc of July 10,
1968 (Lund and Hunsucker, 1971) substantiated the findings of Norton and
Findlay (1969). These investigations collectively produced the first
experimental evidence for accepting the thermal conduction mechanism
proposed by Cole (1965b) and for rejecting the dc electric-field theory and
the low-energy electron precipitating flux theory. Roble et al. (1970) used
Cole's mechanism and the above experimental data from Alouette 2 and
Explorer 31 to calculate theoretically the intensity and the extent of
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the September 1967 red arc. Their results were in general agreement with
the ground-based observations of the red arc.

1.2.7 Ionospheric Electron-Density Models
1.2.7.1 Introduction

One important objective of ionospheric investigations has been the
development of models representing the typical variations of the ionosphere
as a function of altitude, geographic location, time, geomagnetic conditions,
and solar activity. This broad objective has received much attention during
the past 50 years and considerable progress has been made. Theoretical
investigations have led to analytical solutions that represent various
approximations to the actual behavior of the ionospheric plasma. For
example, the diffusive equilibrium theory (see Section 1.2.5.3) has provided
useful representations of topside vertical electron-density profiles. The
empirical approach consists typically of deriving representative "averages”
based on extensive quantities of experimental observations. The compilation
of global critical frequency maps (that are equivalent to maximum density
maps) is one of the earliest examples of the empirical approach. Early
studies, as illustrated by the two examples above, have been concerned with
only a few aspects of the overall modeling problem. The results of these
early studies, however, have provided valuable inputs for the more recent
modeling effort.

1.2.7.2 Average Densities at h, F2 and at 1000 km

As explained in Section 1.2.4.1, the Alosyn project has provided a wealth of
information on the electron density at h,,F2 and at 1000 km (the Alouette 1

altitude). This information was obtained for about one and a half million
Alouette 1 ionograms, and it has provided an important data base for
ionospheric modeling efforts. Petrie and Lockwood (1969) used.Alosyn data
to show that the standard CCIR® critical frequency predictions could be
improved by supplementing the ground-based ionosonde data with topside
sounder data. Thomas and Sader (1964) have used Alouette 1 data at the
satellite to determine the diurnal, seasonal, and latitudinal variations of the
electron density at 1000 km.

1.2.7.3 Average Vertical Profiles

A number of investigators have used Alouette 1 data to derive various
"average" vertical electron-density profiles. Angerami and Thomas (1964)

9 CCIR: Comité Consultatif International des Radiocommunications
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used the model of the ionosphere at 1000 km obtained by Thomas and
Sader (1964) to calculate theoretical electron-density profiles for the
exosphere to a geocentric distance of about 6 R;. These calculations were

done for a variety of isothermal exospheric temperatures and for various
composition models at 500 km. Best agreement with whistler data was
obtained by using the electron density at 1000 km as measured by Alouette 1
on summer nights. This study was continued by Colin and Dufour (1968)
who used temperature data from Explorer 22 to reduce the temperature
uncertainty at 1000 km associated with the earlier work of Angerami and
Thomas (1964). Colin and Dufour investigated five exospheric models and
found that daytime temperature gradients of 1 to 2 K km'! had to exist for
the whistler data to be compatible with thermal equilibrium. For unequal
electron and ion temperatures, agreement between theory and observations
could be obtained with lower temperature gradients.

A standard midlatitude profile of the topside ionosphere was derived by
Becker (1972). Becker's standard profile was based upon 521 high-quality
midlatitude Alouette 1 profiles, and it was obtained by normalizing each
individual profile first to the peak density, then by referring all altitudes to
the peak altitudes, and finally by normalizing these altitudes to the half-layer
thickness Y, of a parabolic approximation to the peak. The peak density is

representative of ionizing flux and Y,, is representative of the ionospheric

scale height, which, under certain assumptions (Bauer, 1969), is related to
the plasma temperature. A very high degree of uniformity was exhibited by
these normalized profiles.

1.2.7.4 Average Pole-to-Pole Distributions

Chan and Colin (1969) published "average" daytime and nighttime electron-
density distributions based on the N(h) analysis of over 10,000 Alouette 1
ionograms collected under magnetically quiet conditions during the first
year of operation. This period was close to sunspot minimum with an
average sunspot number of 29. The data were separated into three seasons:
December solstice, June solstice, and equinox. The ionograms selected for
analysis were primarily from satellite passes yielding almost continuous data
over North and South America. The resulting dip latitude coverage was from
-60 deg S to +90 deg N.

1.2.7.5 General Electron-Density Models of the Topside Ionosphere

The investigations summarized in Sections 1.2.7.2 to 1.2.7.4 have essentially
been the precursors for the models discussed in this section. The general
models are basically computer programs designed to provide vertical
electron-density distributions (above and below h, F2) as a function of time,

space, and geophysical conditions. Typical input parameters are position
(altitude, latitude, longitude), time (day of year, local time), solar flux, and
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geomagnetic activity. Only models based to a significant extent on topside
sounder data are included in this section.

The model of Nisbet (1971) is a physical model for the altitude range 120 to
1250 km used mostly for theoretical investigations. In Nisbet's model the
topside profile is represented by a very simple constant-temperature
diffusive-equilibrium distribution adjusted to give densities at 1000 km in
agreement with the densities measured by the Alouette 1 sounder.

The model of Bent (Bent et al., 1972) is a purely empirical model covering
the altitude range from 150 to 1000 km. It is based on 50,000 Alouette 1
N(h) profiles acquired during the period 1962 to 1966, and 400,000
bottomside soundings obtained from 1962 to 1969. The topside profile is
represented by four segments; i.e., three exponential profiles and a parabolic
layer. The prime objective of the Bent model was to keep the total electron
content as accurate as possible in order to provide high-precision values of
ionospheric delay and refraction for radio waves. The model has been used
extensively by NASA (Schmid et al., 1973) to calculate ionospheric
corrections for satellite tracking data.

Since 1969 an international steering committee established by URSI (Union
Radio Scientifique Internationale) and COSPAR (Committee on Space
Research) has been working on the development of an "International
Reference Ionosphere” (IRI). The topside electron density portion of IRI is
a refined version of the Bent model. The latest version, IRI 86 (Bilitza,
1986), is in the form of a computer program available from NSSDC.

The model of the polar ionosphere (Elkins, 1973) developed at the Air
Force Cambridge Research Laboratories (AFCRL}, was also based upon
topside sounder data. The main emphasis of the AFCRL model was on radio
propagation applications.

A global ionospheric electron-density model was developed at the University
of Bonn (Kéhnlein, 1978) for the altitude range 60-3500 km and for quiet
geomagnetic conditions. Topside soundings obtained with Alouette 1,
Alouette 2, ISIS 1, and ISIS 2 were used to provide a continuous data base
for the period 1962 to 1973. This made it possible to extend the earlier
models of Nisbet and Bent to one full solar cycle and also to higher altitudes.
One objective of Kéhnlein's model was to reduce the computer time
required by the models of Nisbet and Bent, while preserving a sufficient
degree of accuracy. This was done by "mapping" the global electron density
at eight fixed altitudes (90, 110, 180, h,_F2, 500, 1000, 2000, and 3500
km) and using appropriate interpolations to generate complete vertical
profiles. Increased computer efficiency also was achieved by expanding the
model into two parts. The general part describes the annual, semiannual,
diurnal, and geographic structure. The differential part describes more
localized structures as essentially a perturbation to the general structure.
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1.2.8 Ionospheric Irregularities
1.2.8.1 Introduction

The ionospheric morphology discussed in Sections 1.2.5, 1.2.6, and 1.2.7 is
concerned with the large-scale distribution of ionization. Superimposed on
this broad background of ionization are small-scale density fluctuations
known as ionospheric irregularities. The occurrence of spread echoes on
bottomside ionograms provided some of the early evidence for these
irregularities (Booker and Wells, 1938). The existence of irregularities
aligned with the geomagnetic field was postulated by Booker (1956} to
explain auroral radar echoes. It is now believed that most irregularities are
aligned with the geomagnetic field. The work done prior to the satellite
studies of the ionosphere showed that irregularities existed at all latitudes
and longitudes as a normal feature of the ionosphere below h, F2 under

either quiet or disturbed conditions.
1.2.8.2 Field-Aligned Irregularities

The existence of irregularities aligned along the geomagnetic field and
extending from one hemisphere of the earth to the other was demonstrated
In a spectacular manner by the discovery of conjugate echoes on topside
ionograms (Muldrew, 1963). Muldrew analyzed multiple traces observed on
certain low-latitude ionograms and concluded that these traces were due to
conjugate echoes corresponding to various combinations of north and south
roundtrips along the earth's magnetic field. Muldrew supported his
conclusions by showing that the observed traces had virtual heights
consistent with ray-tracing calculations along a model field-aligned
lonization duct with reflection occurring at the same height as the vertical
incidence reflection level. Muldrew (1963) observed field-aligned traces on
equatorial ionograms obtained during 0700 and 1400 and 2000 and 0300
local time. These traces were observed in 30 percent of the nighttime
passes and 20 percent of the daytime passes. Calculations carried out for
one particular ionization duct yielded a half-thickness of 0.6 km and a
maximum electron density in the duct about 1 percent above the ambient
ionization.

Muldrew (1963) also showed that in some special cases equatorial
lonograms exhibit traces corresponding to waves, initially propagated at
oblique incidence, which become subsequently trapped in field-aligned
ducts. The waves propagate until the reflection level and return along almost
the same path. Muldrew called this propagation mechanism a combination
mode and suggested that it could explain certain spread echoes seen on
equatorial ionograms. Combination mode ionograms have also been observed
at midlatitudes (Dyson, 1967b).

A theory of ducted propagation, differing somewhat from Muldrew's (1963)
treatment was given by Du Castel (1965). Ducted propagation according to
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Du Castel can occur either inside the duct (duct density less than ambient)
or at the lower surface of the duct (duct density greater than ambient). In
the first case ducting is due to density variations; in the second case it is
due to duct curvature. Du Castel's theory leads to typical duct widths of
several kilometers and to density variations within the duct of a few percent.

1.2.8.3 Spread-F Mechanisms

Spread-F echoes seen on Alouette 1 ionograms have been attributed to three
irregularity models. The first one is the combination mode of ducting
discussed in Section 1.2.8.2. The second model also involves ionization
irregularities aligned along the geomagnetic field. The irregularities in the
second model, however, have a transverse thickness less than a wavelength,
and there is no associated ducting. In this case, the spread echoes are due
to aspect-sensitive scattering from these irregularities. The topside spread
F corresponding to the second model is the most common type. It was first
identified on equatorial topside ionograms by Lockwood and Petrie (1963)
who were able to show conclusively that the minimum range of certain
observed spread echoes was caused by overdense irregularities located
below the satellite and aligned with the geomagnetic field. The third type of
topside spread F is attributed to large scale irregularities that produce
spread echoes as the result of refraction (Calvert and Schmid, 1964).

1.2.8.4 Morphology of Topside Spread F

Some very preliminary results concerning the morphology of topside spread
F were given by Petrie (1963) and by Knecht and Van Zandt (1963). Petrie
used Alouette 1 data obtained during the first week of operation (September
29 to October 4, 1962) and reached the following tentative conclusions.
Spread F was (1) rarely seen at geographic latitudes between 25 and 45 deg
N, (2) moderate between 45 and 60 deg N, and (3) severe at latitudes
greater than 60 deg N. Petrie noted that spread F was frequently present at
the satellite altitude for latitudes between 65 and 72 deg N. The appearance
and disappearance of this spread F at the satellite altitude was attributed to
patches of irregularities traversed by the satellite. Using data from 27
Alouette 1 passes during the first 2 weeks of operation, Knecht and Van
Zandt (1963) concluded that topside spread F was almost always present for
magnetic dips greater than 75 deg and rarely present at midlatitudes for
dips less than 70 deg. The observations of Knecht and Van Zandt (1963)
indicated that spread F was equally prevalent during mid-morning and
during the evening. Both of these early studies of spread F stressed the
abrupt transitions from a "no-spread” to a "spread" condition. More
extensive studies by Petrie (1966) showed that spread F was a permanent
feature of the topside ionosphere, at least during 1963-1964, for magnetic
dip angles greater than 72 deg. Petrie (1966) showed that the intensity of
topside spread F increased with increasing latitude, reaching a maximum
near the auroral zone.
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The worldwide distribution of topside spread F was investigated by Calvert
and Schmid (1964) using 7000 Alouette 1 ionograms obtained between
September 1962 and January 1963 over the American continents. Two
zones of maximum occurrence were observed, one at high latitudes and one
near the magnetic equator. These zones were separated by a region of
minimum occurrence centered at 30 deg geomagnetic latitude. Equatorial
spread F was seen mainly at night, while high-latitude spread F was seen at
all hours, showing only a slight decrease near sunset and sunrise.

Hice and Frank (1966) extended the work of Calvert and Schmid (1964} by
investigating the solstice periods of December 1962 and June 1963. Their
spread-F results were classified according to the three models described in
Section 1.2.8.3. The occurrence patterns for the three models were found
to exhibit significant differences during the two periods of observation.
Some differences were noted also by Hice and Frank (1966) between their
December 1962 results and those of Calvert and Schmid (1964) for the
same time period. These differences were attributed to the subjectivity that
is involved in identifying the type of spread F exhibited on some ionograms
particularly in distinguishing between ducting and scattering spread F. To
avoid this problem, Dyson (1968) organized his midlatitude topside spread-F
studies into only two categories, (1) refraction and (2) DS (indicating that
either a ducting or a scattering mechanism was involved). Dyson's study was
based upon 18,000 Alouette 1 ionograms recorded at Woomera, Australia,
between September 1962 and October 1964. Dyson found the occurrence
of DS spread F higher at night and during the local winter. Refractive
irregularities were seen mainly during the daytime.

1.2.8.5 Comparisons Between Topside and Bottomside Spread F

Calvert and Schmid (1964) compared their topside spread-F results
(obtained with sunspot minimum data) with the only ground-based survey
available at that time, which unfortunately was based upon IGY (sunspot
maximum) data. The two sets of results revealed very similar characteristics
except that spread F was more frequent in the topside. Calvert and Schmid
suggested that some difference in behavior could be due to differences in
the criteria for spread F used in the two analyses. Singleton (1968) derived
the morphology of bottomside spread-F occurrence at sunspot minimum
using data obtained during 1964 at 13 stations distributed over the
American sector. These bottomside results were then compared with the
topside results of Calvert and Schmid (1964) to provide a legitimate sunspot
minimum comparison of topside and bottomside spread-F distributions.

The comparison of data obtained at the same point in the solar cycle led to
more meaningful and consistent results than had previously been obtained.
In particular there was considerable agreement between various details of
the topside and bottomside spread-F morphology. The most significant
difference between the occurrences of topside and bottomside spread F is
that the percentage occurrences are greater in the topside ionosphere,
particularly during daytime.
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The comparisons discussed above were based upon statistical data
concerning the occurrences of spread F. Dyson (1967a), using midlatitude
data, investigated the simultaneous occurrences of topside and bottomside
spread F for 99 cases of close coincidences (topside and bottomside
ionograms within 3 deg of longitude, within 1 deg of latitude and typically
within 10 minutes in time). This comparison included data for essentially
all hours of the day. In 46 cases irregularities were present only on topside
jonograms. In 23 cases irregularities occurred on both topside and
bottomside ionograms. For the remaining 30 cases, the topside and
bottomside data were free of irregularities. There was not a single case in
which irregularities were observed on the bottomside only. At equatorial
latitudes, however, Krishnamurthy (1966) found that the evening onset of
spread F was about 2 hours earlier in the bottomside than in the topside. In
the morning the bottomside spread F disappeared about 1 hour earlier than
the topside spread F. Krishnamurthy's conclusions were based upon 36
topside-bottomside comparisons obtained also under conditions of close
coincidences.

1.2.8.6 Topside Manifestations of Traveling lonospheric Disturbances

Calvert and Schmid (1964) pointed out that the dimension and occurrence
pattern of refractive spread F was consistent with (ground-based)
observations of traveling ionospheric disturbances (TID). Further evidence
of a close relationship between TID's on subpeak ionograms and refractive
irregularities on topside ionograms was provided by Dyson (1967a, d). Du
Castel et al. (1966), however, published one example in which the topside
ionogram exhibited a combination-mode type of irregularity while the
corresponding subpeak ionograms showed evidence of a TID. These
observations show that TID's manifest themselves not only in the subpeak
ionosphere, but also in the topside ionosphere. It is very difficult, however,
to detect a TID with a topside ionogram (without the corresponding subpeak
data) because the TID effects on topside ionograms are similar to effects
produced by refraction or combination mode propagation.

1.2.9 Topside Sounder Resonances
1.2.9.1 Introduction

One of the unexpected benefits of topside soundings has been the vast
amount of information obtained about "resonances” exhibited by the
ionospheric plasma. Resonance-like phenomena are observed on topside
ionograms as long-duration responses resembling the persistent ringing of
resonances and occurring at characteristic frequencies of the ambient
plasma. Because of their appearance on ionograms, these responses were
initially called "splashes" or "spikes." The early theories, based on Alouette 1
data, attributed these responses to resonance phenomena, stimulated by the
sounder in the ambient medium, and remaining close to the sounder for
relatively long periods of time. Although it gradually became apparent
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(partly as a result of additional information obtained with Explorer 20 and
Alouette 2) that many of the observations could not be explained by
resonance mechanisms, most authors have continued to use expressions
such as "electron resonances,” "plasma resonances," or "topside-sounder
resonances,” to designate the various types of long-duration responses seen
on topside ionograms. This terminology will be used in the present text.

Resonance-like behavior was first observed in a rocket sounder experiment
conducted to test the feasibility of topside soundings (Knecht et al., 1961).
The rocket sounder operated on two fixed frequencies (4 and 6 MHz).
Resonance-like "splashes” were seen at 4 and 6 MHz as the rocket passed
through the levels corresponding to the three reflection conditions10

X = 1, ordinary (o)
X = 1-Y, extraordinary (x)
X = 1+Y, (2)

for each frequency. Extensive data on topside sounder resonances, however,
became available only after the launch of Alouette 1.

It should also be emphasized that the Alouette 1 sounder was not designed
to study resonances. The poor frequency resolution and the low radiated
power at the low frequency end of the Alouette 1 sounder made it very
difficult (if not impossible) to identify certain resonances. Spurious
responses and magnetic contamination introduced further complexity in the
analysis. In spite of these problems, however, much was learned from the
Alouette resonance data and several new types of resonance were
discovered.

1.2.9.2 Electron Cyclotron Resonances

Electron cyclotron resonances were first reported by Lockwood (1963) who
showed that "spikes" occurred on topside ionograms at the electron
gyrofrequency f,; and at harmonics of f;. The frequencies f, of the harmonics

were found to agree within 1 percent with integer multiples of the |
fundamental. Barrington and Herzberg (1966) investigated specially
selected Alouette 1 ionograms containing long series of cyclotron harmonic
resonances and showed that the f;, values calculated from fy = f,/n agreed

10 The X and Y nomenclature 1s as used in the standard magneto-ionic
propagation theory; i.e., X = (fy?/f2 and Y = fy/f where fy, fy . and fare
the plasma, cyclotron and sounding frequencies, respectively.
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within their experimental accuracy of 1 percent. Benson (1970a) attained
an accuracy of 0.2 percent by averaging the data from many ionograms, and
found that the frequencies f, of the higher harmonics were shifted by a

maximum amount of -0.6 + 0.1 percent between 4f; and 12f, Although the

results of Benson revealed a small but systematic shift in the frequencies of
the higher harmonics, these results do not disagree with those of Barrington
and Herzberg (1966) since the shifts measured by Benson are smaller than
the accuracy claimed by Barrington and Herzberg. Benson (1970a)
suggested that the observed frequency shifts could be caused by magnetic
contamination from the spring steel antennas used on Alouette 1, and
pointed out that this hypothesis could be checked with data from Alouette 2
on which a nonmagnetic beryllium copper antenna was used.

Hagg (private communications) showed that the terrestrial magnetic field
intensity derived from the Alouette 1 cyclotron resonances agreed within

1 percent with the intensity values calculated from the model of Jensen and
Cain (1962). In view of this agreement the f,; data from Alouette 1 have

been used to construct maps of the geomagnetic field intensity at 1000 km.
A map of the geomagnetic field over North America at 1000 km
(constructed by Hagg) has been shown in various review papers (Davies,
1964; Paghis et al., 1967). Muzzio et al. (1966) used f data from Alouette 1

to construct a similar map for the South Atlantic anomaly.

A very important property of the nfyresonances was discovered by

Lockwood (1965) who showed that the occurrence of these harmonics
depends upon the angle between the sounder antenna and the terrestrial
magnetic field. The number of harmonics observed was a maximum when
the appropriate antenna was parallel to the geomagnetic field. Under these
conditions Lockwood could observe harmonics up to the sixteenth.

The Alouette 1 data were used also to investigate the time duration of the
various resonances in the nfy; series. The first investigation of résonant time

durations was made by Fejer and Calvert (1964). They measured the
durations of the fy, 2fy, 3fy. and 4f, resonanc>~ on several hundred

Alouette 1 ionograms and showed the results as a function of fy/fy The
plasma parameter f,/f; was chosen because it influences the shape of the

dispersion curves of the plasma waves, which were believed to be the cause
of the resonances. Benson (1972a) extended this study to include the
higher nf,harmonics (n =5 to n = 12). Benson's study included data

obtained at all latitudes in order to investigate the effect of the angle B
(angle between the geomagnetic field and the satellite velocity vector), and
the effect of the dipole latitude. These parameters were chosen because
they entered also in some of the nf, resonance theories. The nfy,

resonances did not exhibit a strong dependence on the parameter f/f
The most striking result was the strong peaking of the resonant durations as
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cosP = 1, for n =3, 4 and 5 (and to a lesser extent for n = 6, 7, and 8).

There was no significant difference between the effect of B and the effect of
dipole latitude. The apparent effects due to dipole latitude were actually

caused by the corresponding changes in B. The amplitude of the 2f;
resonance was not related to the angle B.

1.2.9.3 Other HF Resonances

In addition to the nfy resonances, Alouette 1 ionograms exhibit resonances
near the sounder at the plasma frequency fy and at the upper hybrid
frequency

f’[‘= (fN2+fH2)1/2°

Except for a resonance seen occasionally at 2f; there were no harmonics of
either fy, or f; The existence of the fyresonance was readily established
from the initial analysis of Alouette 1 ionograms (Lockwood, 1963). The f;
spike, however, was incorrectly identified in this early study and believed to
be the resonance at X = 1-Y that had been seen by Knecht et al. (1961) in
their rocket test (see Section 1.2.9.1). Actually this resonance occurred on
Alouette 1 ionograms at a frequency slightly lower than that corresponding
to X = 1-Y, but this displacement was believed to be the result of a
perturbation in the local medium caused by the Alouette 1 satellite (Warren,
1963). This "displaced" resonance was recognized as a resonance at the
frequency f by Calvert and Goe (1963), who then showed that there was no

discrepancy between observed and computed resonances. Consequently,
the perturbation theory of Warren (1963) was no longer needed to explain
some of the resonance data. Calvert and Goe observed occasional spikes at
X =1-Yand at X = 14Y. Since these spikes were not seen consistently,
Calvert and Goe concluded that the occasional spikes at X = 1-Y and at

X = 1+4Y were not related to the ambient plasma but due instead to some
local irregularity.

The amplitudes of the f, and f. resonances were investigated by Fejer and
Calvert (1964) who found the following. The amplitude of the fyresonance
is a minimum when the ratio fy/fyis close to unity. The amplitude of the fy
resonance is about one order of magnitude greater when fy> 1.5 f; The

amplitude of the frresonance is greatest when f, < f, v/3. These results
were confirmed by Benson (1972a).

1.2.9.4 The Remote Resonance

The resonances discussed in Sections 1.2.9.1 to 1.2.9.3 originate at zero
range on Alouette 1 ionograms and appear to be excited in the vicinity of the
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sounder. Hagg (1966) discovered a remote resonance that occurred well
below the satellite, and showed that the spike for this resonance meets the
extraordinary reflection trace at an altitude where the frequency of the
extraordinary wave is equal to 2f;, Further characteristics of these remote

resonances were given by Muldrew and Hagg (1966) who suggested that the
remote resonances resulted from waves propagating along ionization
irregularities aligned with the geomagnetic field. A more detailed
discussion of the proposed generation mechanism was given by Muldrew
(1967a). The mechanism described by Muldrew has successfully explained
the detailed structure of remote resonances.

1.2.9.5 Proton Gyrofrequency Effects

The resonances discussed in Sections 1.2.9.1 to 1.2.9.4 have all been
electron effects. The electron plasma resonances fyon Alouette 1

occasionally exhibit a distinctive spur that seems related to the proton
gyrofrequency at the satellite position (King and Preece, 1967). King and
Preece offered no explanation for this phenomenon.

1.2.9.6 Theoretical Explanations of the Principal Resonances

The resonances that are consistently seen on topside ionograms (fy. fr. fy.
and the harmonics of f;) have been called the "principal resonances.” They

occur at frequencies that are simple functions of the local electron density
and of the local geomagnetic field intensity. The resonances at fyand f;

were initially associated with stationary electrostatic waves (Calvert and Goe,
1963) because their frequencies agreed with resonances predicted for
collective electron oscillations parallel and perpendicular to the
geomagnetic field, respectively. The cyclotron resonances were naturally
attributed to electron gyrations about the geomagnetic field. In the first
published theory of electron gyroresonances, Lockwood (1963) invoked
phase-bunching of individual electrons caused by the nonuniform radiation
field of the sounder antenna. Fejer and Calvert (1964) showed that all the
principal resonances could be attributed to plasma wave resonances if the
effect of thermal particle motions were included in the electromagnetic
wave equations. In this warm plasma treatment the harmonic cyclotron
resonances were attributed to the "Bernstein modes" (Stix, 1962).

In addition to explaining the observed frequencies, the mechanisms
proposed had to account for the long durations of these resonances. At first
the wave group velocity was assumed to be zero, and the oscillations were
viewed as standing waves remaining near the satellite (Fejer and Calvert,
1964). It was difficult to explain the long durations on this basis, and new
theories were developed based on the concept of matching the group
velocity of the waves to the velocity of the satellite (Shkarofsky, 1968).
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The resonance phenomena discovered with topside soundings have opened
new areas of theoretical and experimental investigations. A full account of
these related investigations is beyond the scope of this overview. Thus, only
a few of the theoretical studies have been mentioned here. As examples of
the experimental investigations that have been inspired by the Alouette 1
resonance observations, one can cite the laboratory work of Crawford et al.
(1967) and the rocket experiment of McAfee et al. (1972).

The resonance theories discussed in this section are indicative of the level
of understanding that could be achieved with the Alouette 1 observations
alone. Although some questions were left unanswered (such as why the
resonance frequencies should be essentially unaffected by wake
perturbations and by the plasma sheath around the sounder antenna), the
early theories provided adequate explanations for the Alouette 1
observations. The improved data obtained with the later Explorer 20 and
Alouette 2 satellites led to major revisions of the early theories of topside
sounder resonances. The improved data and their impact on resonance
concepts will be discussed under the Explorer 20 and Alouette 2 results.

1.2.10 Various Radio Propagation Factors
1.2.10.1 Introduction

The Alouette 1 topside sounder data have provided valuable information
concerning (1) the radio noise level at the satellite, (2) the reflectivity of the
earth's surface, and (3) the performance of HF radio propagation equipment
in the terrestrial ionosphere. This information has been useful in the design
of space HF and VHF telecommunication systems. A specific application of
the information obtained has been in the greatly improved design of the
subsequent topside sounders of the Alouette-ISIS program.

1.2.10.2 Radio Noise Level at the Satellite

The examination of early Alouette 1 ionograms indicated that the ionogram
quality was much poorer at night than during the day. This decrease in
quality was directly related to the unexpectedly large increase in radio noise
level at night, as indicated by the AGC voltage in the sounder receiver. The
source of this radio interference was investigated by Hartz (1963) who
showed that the nighttime increase was not due (as initially assumed) to
whistler mode propagation associated with the nighttime disappearance of
D-region absorption. The most probable cause of the nighttime interference
according to Hartz was the nighttime reduction in critical frequencies
permitting a greater number of ground transmissions to reach the satellite.
Some of these signals can beat together and produce an interfering signal at
the frequency of the sounder IF amplifier.

Hartz (1963) showed also that the radio noise level at the satellite varied
considerably with geographic location. The most severe noise level was
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observed over Western Europe, where about 99 percent of the nighttime
and 66 percent of the daytime ionograms were no better than "fair." In
isolated regions, such as the South Atlantic, the radio noise levels were very
low and little difference was observed between nighttime and daytime
ionograms.

1.2.10.3 Reflectivity of the Earth's Surface

As mentioned in Section 1.2.3, echoes returned from the earth's surface are
often seen on topside ionograms at frequencies greater than the critical
frequencies. The strength of these echoes depends not only on the
reflectivity of the earth's surface, but also upon the noise level at the satellite
(see Section 1.2.10.2) and upon the directivity of the sounder transmissions.
Thus the statistics of occurrence of ground echoes must be interpreted
keeping in mind the worldwide distribution of radio noise. Conversely the
worldwide occurrence of ground echoes can provide information concerning
the radio noise distribution.

Keeping in mind the close relationship between noise and ground echoes,
Muldrew et al. (1967) found an unusually low percentage of ground echoes
over Greenland, suggesting that the radio waves were absorbed by the thick
ice sheet. A very high percentage of ground echoes near the north magnetic
pole was attributed to focusing by field-aligned ionization irregularities.
There also were indications that sea was a better reflector than land.

The investigation conducted by Muldrew et al. (1967) yielded contour maps
showing the worldwide occurrence of ground echoes on Alouette 1
ionograms for various seasons, local times, and sunspot numbers. Since the
sea reflectivity is probably independent of geographic location, the contours
over the oceans provide a measure of the noise level at 1000 km at low and
midlatitudes.

Chia et al. (1965) used Alouette 1 ground echo data to calculate reflection
coefficients for various locations over Australia and the Pacific Ocean. The
general conclusion of this study was that the sea was a better reflector than
the land conditions (sand and forests) found in Australia.

1.2.10.4 HF Radio Propagation from Earth Satellites

Many phenomena associated with either the ionospheric medium (troughs,
ducts, spread F, etc.) or with the Alouette 1 sounder (resonances,
interference, etc.) have an important bearing on the design of satellite HF
and VHF telecommunications systems. Information of this type has been
compiled by Paghis (1967) and Hartz (1972).
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1.3 The Alouette 1 VLF Experiment
1.3.1 Introduction

Very low frequency (VLF) and extremely low frequency (ELF) signals have
been used extensively in ionospheric investigations conducted from the
ground. Naturally occurring VLF emissions known as whistlers have been
attributed to electromagnetic impulses radiated from lightning discharges
and propagating along field-aligned ducts of enhanced ionization. These
whistlers can propagate along these ducts between hemispheres, sometimes
making several round trips. From these long-path whistlers, electron-
density information has been obtained at heights of several earth radii
(Smith, 1961). VLF signals had not been observed in space at the time the
Alouette 1 experiment was being planned. It was anticipated, however, that
whistlers similar to those seen on the ground would be commonly observed
with the Alouette 1 experiment. It was also expected that the satellite
experiment would exhibit short fractional-hop (SFH) whistlers that had
propagated directly from the lightning discharge to the satellite without
crossing the magnetic equator.

The expected whistlers were seen in the Alouette data. These whistlers
have not been used to calculate electron densities in the magnetosphere
because of uncertainty in the propagation paths. The satellite data showed
that the usual assumption of field-aligned propagation could be incorrect in
many cases (Carpenter and Dunckel, 1965). The great value of the

Alouette 1 VLF experiment was in the discovery of two unexpected
phenomena, namely the lower hybrid resonance (LHR) noise and the proton
whistler, both of which exhibit the influence of ions upon the propagation of
VLF and ELF waves and both of which provide information about the
concentration of positive ions in the vicinity of the spacecraft.

1.3.2 LHR Noise
1.3.2.1 Discovery of LHR Noise

Early VLF data from Alouette 1 revealed intense ELF and VLF noise bands
that were not seen by ground stations located near the same geomagnetic
field line. A surprising feature of these noise bands was the systematic
changes in their spectral distribution with the satellite latitude (Barrington
and Belrose, 1963). The VLF data typically showed (Barrington et al., 1963):
a steady band of noise between 0.4 (the lower edge of the VLF receiver pass
band) and 2.5 kHz in regions where the geomagnetic parameter L was
greater than 9; erratic noise when L was between 4 and 9; and smooth noise
when L was less than 4. Two well-defined noise bands were usually seen for
L values between 4 and 2.6, with the upper band exhibiting a lower
frequency cutoff that increased in value as L decreased. Brice et al. (1964)
found that this latitude-dependent upper noise band (initially called the
Alouette hiss band) could be triggered by atmospherics propagating upward
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and by whistlers propagating downward. From these two observations it was
concluded that the Alouette hiss band had to be generated near the satellite.

Brice and Smith (1964) suggested that the lower frequency cutoff f of the
Alouette hiss band was due to the lower hybrid resonance, namely that

K fnJu

fTMI/Z

f =

where M is the effective ionic mass, k is a constant

Jo = electron_mass )1/2
= { proton mass

and the other terms are as previously defined (see Sections 1.2.9.1 and
1.2.9.3). From the above relationship it is seen that the effective mass can
be determined by using the VLF data to measure f_ and simultaneous sounder

data to measure fy, f;, and f.. This theory was developed further by Brice

and Smith (1965) who showed that the effective mass values derived from
the Alouette hiss band were consistent with the information on effective
mass values available at the time of their study. Since the Alouette hiss band
was also seen in the Injun 3 VLF data, it was recommended that the name
"Alouette hiss band" be changed to "lower hybrid resonance hiss band.”" The
name "LHR hiss band" and equivalent names such as "LHR emissions" or
"LHR noise" are now the generally accepted terms for the very unusual noise
band discovered in the VLF data from Alouette 1.

1.3.2.2 Morphology of LHR Noise and Source Mechanisms

The occurrence of LHR noise has been investigated as a function of latitude
and time by McEwen and Barrington (1967). Their study included all VLF
data recorded at Ottawa (250 passes) during 1963, and all VLF data
recorded at Resolute Bay (300 passes) and South Atlantic (125 passes)
during 1963 and 1964. Two distinctly different types of LHR noise were
observed, the erratic polar LHR noise occurring mainly in the region 70-80
deg invariant latitude and the smooth midlatitude hiss occurring mainly in
the 50-60 deg region. The polar LHR noise was seen approximately 50
percent of the time throughout the year day and night with two slight
maxima at midnight and at 6 a.m. The midlatitude LHR noise was observed
about 20 percent of the time and primarily during the night. The maximum
occurrence surprisingly was found to be during the same months (May-
October) in both hemispheres.

McEwen and Barrington (1967) suggested that the polar hiss was probably

related to particle precipitation. Since the Alouette 1 examples of
midlatitude LHR noise were mostly whistler-triggered hiss bands, McEwen
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and Barrington (1967) suggested that whistler mode energy radiating from
lightning discharges could be the sole source of midlatitude LHR noise.

Another mechanism for the generation of midlatitude hiss was proposed by
Smith et al. (1966), who showed that VLF propagation ducts associated with
the LHR frequency can form in the ionosphere when two or more ions are
present with different height profiles. The presence of these ducts suggests
that the midlatitude LHR noise need not be generated near the satellite.
Thus the midlatitude LHR noise could be caused by particle precipitation in
the nearby auroral regions with subsequent ducting to midlatitude regions.

Additional support for the LHR duct theory was provided by Gross (1970)
who showed that north-south horizontal ducts are physically possible and
can exist at altitudes well above 2000 km. The maximum bandwidth of
these ducts was found to be typically 3 kHz. McEwen and Barrington (1967)
had rejected the duct mechanism because midlatitude LHR noise had been
seen (on Alouette 2) at altitudes near 3000 km and because they did not
believe that LHR ducts could extend to such altitudes. The LHR duct theory
was further refined by Gross and Larocca (1972) who showed that
experimental observations were consistent with theoretical predictions.
The experimental data used in this study were the 1963 and 1964

Alouette 1 records from the Ottawa telemetry station. Gross and Larocca
(1972) extended the polar and midlatitude LHR noise classification of
McEwen and Barrington (1967) to provide a distinction between three types
of midlatitude hiss, all of which have narrow bandwidth (in contrast to the
wide-band polar hiss): (1) hiss with smooth lower frequency cutoff (S-type);
(2) whistler-associated hiss; and (3) erratic-cutoff hiss. Gross and Larocca
(1972) pointed out that the S-type hiss is the LHR noise best explained by
the duct theory.

1.3.2.3 Use of LHR Noise to Measure Ion Composition and Temperature

As explained in Section 1.3.2.1, the effective ionic mass M at the satellite
can be calculated from a measurement of the lower frequency cutoff f. of the

LHR noise band and from a topside sounder measurement of the plasma
resonance frequency fy, In a two-ion ionosphere the effective ion mass

yields directly the fractional abundance of these two ions. In the more
general topside ionosphere situation where three ions (atomic oxygen,
helium, and hydrogen) must be considered, the value of M can be used only
to set lower and upper limits for the fractional abundances. In some cases
narrow limits can be placed on at least one of the three fractional
abundances. The effective plasma temperature T,, the average of electron

and ion temperatures, also can be derived from simultaneous VLF and
topside sounder data from the relationship T, = AMH, where A is a constant
and H is the scale height, a quantity derived from the slope of the N(h)
profile. These basic procedures have been used by Barrington et al. (1965)
to calculate M and T,,.
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Because of mutual interference, the Alouette 1 sounder and VLF
experiments normally were not operated at the same time. Simultaneous
data were obtained, however, on about 1 percent of the satellite passes due
to telemetry command errors. From an analysis of all the simultaneous
sounder and VLF data obtained during the first 2 years of Alouette 1
operation, Barrington et al. (1965) were able to calculate about 400 values of
effective mass M. The observations were divided into four local-mean-time
periods, one centered at noon (0900-1500 LMT), one centered at midnight
(2100-0300 LMT), and two corresponding to the twilight hours (0300-0900
and 1500-2100 LMT). The results were presented as a function of the
magnetic parameter L. In all cases the calculated values of M were, as they
should be, between 1 and 16. In general, M was found to be greater during
the day than during the night and to increase with latitude. The
composition of the polar ionosphere at 1000 km was found to be about 60

percent O% at midnight and about 95 percent OF at noon. At middle
latitudes the effective mass values were between 1.8 and 7. At low latitudes,
the lowest value observed for M (M = 1.3) would require that the hydrogen
concentration be at least 68 percent. An effective plasma temperature of
1200 K was obtained for middle latitudes, increasing to about 2500 K at
high latitudes.

1.3.3 Proton Whistlers

The proton whistler is another VLF phenomenon that was first observed in
the VLF data from Alouette 1. The proton whistler appears as a rising tone
that starts immediately after the reception of a SFH whistler (see Section
1.3.1) and that approaches asymptotically the gyrofrequency for protons in
the plasma surrounding the satellite (Smith et al., 1964). This discovery
was soon confirmed by similar observations in the VLF recordings from
Injun 3. A theory for the production of proton whistlers was developed by
Gurnett et al. (1965) who suggested that the proton whistlers are a
dispersed form of the original lightning impulse that can be explained by
considering the effects of ions upon the propagation of whistler waves. The
frequency at which the triggering SFH whistler meets the proton whistler
(crossover frequency) was shown to be a relatively simple function of the
ambient proton density. From this relationship a method was developed for
calculating proton densities in the plasma surrounding the satellite (Gurnett
and Shawhan, 1966).

1.3.4 Short Fractional-Hop Whistlers

The VLF data from Alouette 1 provided the first examples of short delay
whistlers that had traveled directly from their lightning source to the
satellite without crossing the magnetic equator. Called short fractional-hop
(SFH) whistlers, they sometimes can be partially reflected at altitudes near
1000 km, returned to earth, reflected upward again, and returned to the
satellite. An example of a whistler with two components corresponding to
one and three trips through the ionosphere, respectively, was first reported
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by Barrington and Belrose (1963). Because such whistlers tend to be
confined to altitudes less than 1000 km; i.e., below the heights where
hydrogen is the main ionic constituent, they have also been called
"subprotonospheric" or "SP" whistlers. Carpenter et al. (1964) used
Alouette 1 data to investigate the properties of SP whistlers. This study
showed that the SP phenomenon occurs typically at night within a few hours
of sunset, near sunspot minimum, and at dipole latitudes greater than 45
deg.

1.3.5 Long-Path Whistlers

As indicated in Section 1.3.1, the long-path whistlers observed with

Alouette 1 have not been used to calculate electron densities in the
magnetosphere. Carpenter et al. (1968), however, have shown that the
Alouette 1 data on long-path whistlers could be used to locate the
plasmapause. Typically, as the Alouette 1 satellite moved poleward, the rate
of occurrence of long-path whistlers was observed to drop abruptly to zero
near invariant latitudes of about 60 deg. The location of this satellite whistler
cutoff was found to be in good agreement with the location of plasmapause
derived from simultaneous ground whistler data at Eights, Antarctica. A
systematic small difference between the two determinations of the
plasmapause position was attributed to some uncertainty in the magnetic field
model used to calculate the plasmapause position from the ground
observations. These simultaneous satellite and ground observations were
obtained for 12 Alouette 1 passes. To obtain additional statistics, the
plasmapause position as a function of K, was derived from the whistler cutoff

at the satellite for a total of 27 Alouette 1 and 2 passes. The results were
found to be consistent with the well-known relation between plasmapause
position and magnetic disturbance, namely that the plasmapause moves to
lower L values as the value of K, increases.

1.4 The Alouette 1 Cosmic Noise Experiment
1.4.1 Introduction

Cosmic noise has been studied extensively with a variety of ground-based
instruments since the discovery of radio waves from the Milky Way (Jansky,
1933). These studies, which soon became known as radio astronomy, have
led to the discovery of numerous radio sources both inside and outside the
solar system. The frequency spectrum over which radio astronomy
observations can be made from the ground is restricted at the low-frequency
end by the terrestrial ionosphere. One purpose of the cosmic noise
experiment on Alouette 1 was to extend the knowledge of extraterrestrial
noise to lower frequencies; a second purpose was to determine the noise
background against which the topside sounder had to operate. Thus, before
the Alouette 1 sounder was completed, the cosmic noise at 3.8 MHz was
measured on the Transit 2A satellite by the topside sounder design team
(Molozzi et al., 1961). The subsequent 1 to 10 MHz cosmic noise
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measurements from Alouette 1 were much more comprehensive than the
Transit 2A data and they constitute the first major radio astronomy
experiment conducted on a satellite.

The cosmic noise experiment on Alouette 1 consisted simply of monitoring
the automatic gain control (AGC) voltage of the sweep-frequency sounder
receiver. The receiver gain had been calibrated before launch, but there was
no provision for inflight calibration. A comparison of the cosmic noise data
obtained over a period of 2 years showed sufficient consistency to suggest
that significant changes in receiver gain had not occurred. The sounder
antenna had too broad an aperture for a direct identification of sources, and
it was necessary to locate sources by inference. The effective antenna beam
width (half-cone angle) was shown to decrease from 90 to 60 deg as the
ratio of operating frequency to plasma frequency decreased from 5:1 to 2:1
(Hartz and Roger, 1964). Thus additional antenna directivity was provided
by the ionospheric plasma. The data from the cosmic noise experiment
were used for two major purposes, (1) to conduct a survey of the galactic
noise over the celestial sphere and (2) to study solar noise emissions.

1.4.2 Galactic Noise

The spectrum of the galactic radio emission was determined fairly reliably
for frequencies between 1.5 and 5.0 MHz. Data of lesser accuracy also were
obtained in the frequency range 5.0 to 10.0 MHz. The Alouette 1 data
showed that the galactic noise varied systematically over the celestial
sphere. The highest flux density was measured for a region centered
approximately on the south galactic pole, and the minimum was found for
the region centered on RA 9 hr, dec +75 deg. At 2.3 MHz the brightness
temperatures for these two regions were 1.8x107 K and 5x10°K,
respectively. At the same frequency the brightness temperature versus
frequency curve had a slope of -1.7; at 1.5 MHz the slope was -1.3; and at 5.0
MHz the slope was -2.2 (Hartz, 1964b).

1.4.3 Solar Noise

Once the galactic noise level in a given direction had been established,
detectable increases in the receiver noise above this level were shown to be
entirely of solar origin. Solar noise events were frequently observed (Hartz,
1964a), but only the type lII bursts!! could be readily identified because of
their short durations. Solar noise events of longer durations could not be

11 The classification of solar bursts is based upon their frequency-vs.-time
characteristics. The type III burst is characterized by a short duration
(typically 10 seconds at 20 MHz) and by a rapid drift from high to low
frequencies.
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classified (based upon the satellite data alone) and were simply noted as
enhanced solar noise. In some cases, simultaneous ground-based data were
used to identify these enhancements. The type IIl bursts seen in the
Alouette 1 records had frequency-vs.-time characteristics very similar to
those of type III bursts at higher frequencies. Type III bursts and other
types of solar noise enhancements appeared to be a low-frequency extension
of the corresponding events seen with ground-based equipment. The
source velocities computed from some 20 type III bursts observed with
Alouette 1 ranged from 0.1c to 0.15c¢ (where c is the velocity of light in free
space). Long duration solar events (type IV bursts) have been used on
several occasions to measure the effective aperture of the satellite dipole
antenna in the ionospheric plasma. The results were found to agree with
theoretical expectations (Hartz and Roger, 1964).

Dynamic spectra of a number of type Il bursts obtained with Alouette 1 have
also been analyzed by Bradford and Hughes (1974). From over 60 type III
bursts observed during the period September 1962 to March 1966, 27 were
selected for analysis. These were isolated bursts, each having a useful
frequency range of at least 4 MHz and representing an enhancement over
the galactic noise background of at least 3 dB. Bradford and Hughes
employed an improved method of analysis, which utilized the measured
moments of the shapes of the bursts up to the third moment, and which
permitted a more detailed interpretation of the events producing the bursts.
The apparent source velocities derived from the frequency drift data ranged
from 0.05c¢ to 0.20c for 22 of the 27 bursts. The velocities for the
remaining five bursts were between 0.25c and 0.50c. The mean value was
(0.17 £ 0.01)c. The coronal temperature at 2 MHz calculated by Bradford
and Hughes was 1.7x10°K, compared with the value of 3x10° K obtained by
Hartz (1964a).

1.5 The Alouette 1 Energetic Particle Experiment
1.5.1 Introduction

The main purpose of the energetic particle experiment on Alouette 1 was to
study the outer Van Allen belt (3 < L < 10) at high latitudes and its
relationship to geophysical phenomena such as auroral activity and
ionospheric absorption. At the Alouette 1 altitude of 1000 km, the L values
over Canada are typically between 3 and 20. Most of the Alouette 1 particle
studies were based on data obtained over Canada since these data were so
well suited for the main scientific objectives. Data obtained at lower
latitudes (L < 3) were used to investigate the effects of high-altitude nuclear
tests upon the inner Van Allen belt. The measured particles were separated
into two categories, trapped and precipitated. Particles with pitch angles in
the range 90 + 20 deg were considered trapped. Particles with smaller
pitch angles were considered precipitated. Within each category the data
were separated into two groups, one corresponding to K, less than 4, and
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the other corresponding to K, greater than 4. The most useful data were

obtained during the first year of operation. By the middle of the second year
of operation, the satellite spin had decayed to such an extent that
stabilization was lost, and a tumbling motion followed. This made the
particle data too difficult to analyze.

1.5.2 Average Properties of Outer Radiation Zone at 1000 km

McDiarmid et al. (1963b) analyzed the data from several hundred passes
over Canada and Alaska during the period October 1962 to mid-January
1963. The analysis was used to calculate average intensities as a function of
(1) particle type and energy (protons in the range 1-7 MeV; electrons with
energies greater than 40 keV, 250 keV and 3.9 MeV), (2) invariant latitude
and the L parameter, (3) pitch angle (trapped and precipitated particles),
and (4) magnetic activity.

A maximum omnidirectional intensity of 3x10? particles cm2s™! was found at
L = 4.4 for trapped electrons with energies greater than 3.9 MeV for both
K,< 4 and K, > 4. The directional intensity was maximum at L = 4.7 for
trapped electrons with energies greater than 250 keV. The maximum values
were 3x10* ecm™2s !sr! for K, <4 and 2x10* em™s!sr! for K,> 4. The
trapped electrons with energies greater than 40 keV had a maximum
directional intensity near L = 6. The maximum values were 3x10° cm2s
for K, <4 and 6x10° cm™2s !sr! for K, > 4.

1 1

Ssr’

The average intensity of precipitated electrons with energies greater than
40 keV was maximum around L = 6 with a value of 3x10* cm™2s!sr™! for
K,<4 and 3x10° cm2s !sr! for K, > 4. Precipitated electrons were

observed at L = 6 on about 20 percent of the passes when K, was less than 4
and on about 70 percent of the passes when K, was greater than 4.

1.5.3 High-Latitude Boundary of Outer Belt at 1000 km

McDiarmid and Burrows (1964a) analyzed data from about 1000 Alouette 1
passes for the period October 1962 to March 1963 to determine the high-
latitude boundary of the outer belt. The boundary for electrons with
energies greater than 40 keV was found to be symmetrical with respect to
the noon-midnight meridian and to occur at the highest latitude (75 deg
invariant) near local noon. The lowest latitude of the boundary (70 deg
invariant) occurred at midnight. The high-latitude boundary was essentially
the same for trapped and for precipitated electrons. The other electron
energy ranges (E > 250 keV and E > 3.9 MeV) were not included in this
study.
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1.5.4 Diurnal Intensity Variations of Outer Belt at 1000 km

McDiarmid and Burrows (1964b) investigated the variability of the flux of
trapped and precipitated electrons with energies greater than 40 keV as a
function of local time and latitude under conditions of low to moderate
magnetic activity. The diurnal variability was greatest near the high-latitude
boundary of the outer zone. The shape of the distribution of average
intensity versus local time was similar for both trapped and precipitated
electrons in the range L = 5 to L = 11 with a daily maximum value occurring
around 0800 hours local time.

1.5.5 Electron Fluxes Outside Outer Belt at 1000 km

Intense fluxes of electrons with energies greater than 40 keV were observed
by McDiarmid and Burrows (1965) at latitudes higher than the normal outer
belt boundary. The latitude profiles of these electron fluxes were usually in
the form of narrow spikes and in some cases these events exhibited
extremely high intensities. A total of 38 high-latitude electron spike events
were included in this study, and these were found to occur preferentially on
the night side of the earth and for values of K, greater than 3. These

electron spikes were located on magnetic lines connected to the tail of the
magnetosphere and they occurred at times when enhanced fluxes are
observed in the outer belt. This correlation led McDiarmid and Burrows
(1965) to suggest that electrons generated in the tail of the magnetosphere
may constitute an important source of electrons for the outer belt.

1.5.6 Temporal Intensity Variations of Outer Belt at 1000 km

The intensities of electron fluxes in the outer radiation belt were
investigated as a function of time for the period December 1962 to May 1963
during which several moderate magnetic storms occurred (McDiarmid and
Burrows, 1966). The quantities observed were the maximum values for
electron fluxes in the three ranges E > 3.9 Mev, E > 250 keV and E > 40 keV
which occur typically (see Section 1.5.2) at L=4.4, L=4.7, and L = 6,
respectively. The electron intensities in the range E > 40 keV increased
consistently after the onset of a magnetic storm. No consistent storm
pattern was found for the other two energy ranges. During quiet periods the
electron flux intensity decayed with a time constant of 4 + 1 days for

E > 40 keV and 14 * 2 days for E > 3.9 MeV.

1.5.7 High-Altitude Nuclear Explosions and Inner Belt

McDiarmid et al. (1963a) have studied the spatial distribution and the

time decay of artificially injected particles following the Starfish high-
altitude nuclear test of July 9, 1962. Since Alouette 1 was launched on
September 29, 1962, the earliest Alouette data were for a time
approximately 3 months subsequent to the Starfish explosion. The

Alouette 1 data for the period 3 to 6 months after Starfish revealed no decay
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in the region 1.20 < L < 1.25, where the initial Starfish effects had been the
most intense. In the range 1.25 < L < 1.70, a marked softening of the
spectrum with increasing L was observed. A decay with a time constant of
550 days was measured at L = 1.32 for electrons with energies greater than
3.9 MeV.

The effects of the nuclear explosions of October 22 and 28 and November 1,
1962, could be studied more completely because the explosions occurred
after the launch of Alouette 1. These explosions occurred at higher latitudes
resulting in particle injection into the region 1.75 < L < 5.5. Measurements
of the flux intensities of electrons with energies greater than 3.9 MeV for L
values ranging from 2 to 3 yielded decay time constants between 1.0 and 1.4
days (Burrows and McDiarmid, 1964). A total precipitation of 3x102!
electrons with energies greater than 3.9 MeV was estimated to have
occurred at L = 2.95 during the first 525 hours following the explosion of
October 22, 1962.

1.5.8 Auroral Absorption and Precipitated Electrons

Auroral absorption data from various riometer stations in Canada and Alaska
were compared statistically with precipitated electron data from Alouette 1
(Jelly et al., 1964). Although the statistical approach led to considerable
spread in the results, the absorption was in general found to increase with
increasing flux.

1.5.9 Polar Cap Absorption and Solar Protons

Alouette 1 measurements of solar protons were correlated with absorption
recorded by two networks of riometers, one located across the northern
polar cap, the other located across the southern polar cap (Chivers and
Burrows, 1966). The data were obtained during the two principal solar
events that occurred during September 1963. A close correspondence was
found between the latitudinal profiles of absorption and the latitudinal
variations of the proton flux.

1.5.10 Auroral Substorms and Electron Fluxes at 1000 km

Counting rates of electrons with energies greater than 40 keV were
measured by Alouette 1 during and after the onset of a substorm, as
indicated by a nearby network of ground-based riometers (Lin et al., 1968).
The Alouette 1 data corresponding to the beginning of the storm revealed
intense electron fluxes extending to latitudes well beyond the normal
northern boundary. For the two subsequent Alouette 1 passes (2 and 4
hours later), the boundary had returned to its normal latitude. The
Alouette 1 observations were consistent with a typical substorm duration of
less than 2 hours.
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1.5.11 Pattern of Auroral Particle Precipitation

Using data from many sources, including the Alouette 1 energetic particle
measurements discussed earlier, Hartz and Brice (1967) concluded that the
auroral particle precipitation pattern was a two-zoned one. Both zones were
found to be roughly circular, approximately centered on the geomagnetic
pole, and about 10 deg of latitude apart. The inner precipitation zone (70 to
75 deg geomagnetic) exhibits a maximum intensity just prior to midnight; it
is associated with discrete auroral events corresponding to short duration
bursts of intense soft electron fluxes with energies of the order of a few
kiloelectron volts. The outer precipitation zone (60 to 65 deg geomagnetic)
exhibits a maximum intensity in the morning hours; it is associated with
diffuse auroras corresponding to moderate electron fluxes with energies
greater than 40 keV.

Hartz and Brice (1967) summarized their results on a diagram showing the
two zones of precipitation and the relative flux intensities as a function of
geomagnetic latitude and geomagnetic time. This diagram has been
extensively quoted and reproduced in subsequent papers on the subject of
auroral particle precipitation. The morning and the nighttime maxima of
auroral particle precipitation have been shown to exhibit closely correlated
variations, particularly after the onset of a nighttime polar substorm (Jelly
and Brice, 1967). The correlation found between these phenomena at
widely separated longitudes was considered a strong indication that
substorms are not spatially isolated phenomena but, instead, a manifestation
of large-scale magnetospheric processes.

1.5.12 Ionospheric Effects of Precipitated Electrons

The effect of precipitated electrons upon the ionosphere was investigated at
the South African Antarctic base, SANAE. Because of its location within the
region of the South Atlantic magnetic anomaly, it was expected that the
effects of particle precipitation would be more pronounced at SANAE than at
other stations. The particle data used for the initial study (Gledhill and

Torr, 1966) were obtained by Alouette 1 in the Northern Hemisphere in the
region magnetically conjugate to SANAE. It was found that a high
precipitated electron flux (E > 40 keV) in the conjugate region was always
accompanied by an ionospheric disturbance at SANAE.

This work was extended by Gledhill et al. (1967) to other stations located
close to the magnetic shell through SANAE (L = 4). It was found that a
higher flux level (as measured by Alouette 1) was required to produce
ionospheric disturbances comparable to those seen at SANAE. A calculation
of the electron flux, actually dumped at the various ionospheric ground
stations, revealed a remarkable consistency. To obtain a more direct
measurement of the precipitated flux at SANAE, Greener and Gledhill
(1972) used Alouette 1 data acquired in the vicinity of SANAE. These
measurements, however, were not correlated with ionospheric effects. A
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comparison with earlier results based upon conjugate point measurements
therefore is not possible.
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2. EXPLORER 20 RESULTS

2.1 Introduction

The U.S. Explorer 20 mission has made significant contributions to the
Alouette-ISIS program in several technical and scientific areas. The first
technical achievement of this mission was to establish the feasibility of
topside soundings under both quiet and disturbed ionospheric conditions.
The rocket experiments (see Jackson, 1986, p.16) used for this feasibility
study yielded design parameters that were used in the development of
Explorer 20 and of Alouette 1. The rocket tests revealed the existence of
plasma resonance phenomena associated with topside soundings (Calvert et
al., 1964). These tests also provided the first experimental evidence for the
existence of ionospheric irregularities aligned with the terrestrial magnetic
field (Calvert et al., 1962).

The Explorer 20 satellite (Russell and Zimmer, 1969) operated for the
period August 25, 1964, to December 29, 1965, and provided 1450 hours of
data. Although its operation was much shorter than that of the Alouette and
ISIS satellites, the Explorer 20 mission lasted long enough to achieve its
objectives and to meet the relatively small demand for its data. Because of
its limited usefulness (compared to that of Alouette 1), the Explorer 20 data
created considerably less international interest than the Alouette 1 data.
Thus, it appears doubtful that a longer life for Explorer 20 would have
increased significantly the scientific output derived from its 16 months of
operation.

The Explorer 20 mission led to several advances in spacecraft technology.
The Explorer 20 data contributed to the understanding of spacecraft spin
decay and to the solution of the plasma sheath problem on spacecraft
carrying long dipole antennas. Explorer 20 was spin stabilized with an
initial spin rate of 1.53 rpm after antenna deployment. By the end of the
first year of operation, the spin rate had decayed to about 0.47 rpm. The
investigation of the spin-decay problem initiated with the Alouette 1 spin
history (see Jackson, 1986 p. 18, 2nd paragraph) was extended using the
spin data from Explorer 20 (Hughes and Cherchas, 1970). Furthermore, in
spite of its failure to yield scientific data, the ion probe experiment on
Explorer 20 was an important step in the development of the Alouette-ISIS
spacecraft. It was the first attempt to place a direct measurement
experiment on a spacecraft carrying the long antennas required for topside
soundings. The information obtained contributed materially to the
subsequent success of experiments of this type on Alouette 2, ISIS 1, and
ISIS 2.

In addition to making valuablz contributions to spacecraft technology, the
Explorer 20 mission demonstrated the importance of fixed-frequency
soundings for the study of ionospheric irregularities and for the investigation
of plasma resonances. Our present understanding of the fy and fr
resonances is due to a large extent to the information first provided by the

Explorer 20 data.
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2.2 Topside Sounder Resonances
2.2.1 Introduction

When Explorer 20 was launched, topside resonances had been investigated
for almost 2 years using Alouette 1 data. The studies based upon Alouette 1
have been described in Sections 1.2.9.1 to 1.2.9.5, and the theories resulting
from these studies have been summarized in Section 1.2.9.6. It was the
Explorer 20 data, however, that first revealed the unsuspected complexity of
the resonance patterns. All the major resonances seen on Alouette 1 could
be seen in spectacular detail on the Explorer 20 data, except the resonance
at fy since it always occurs (at the satellite altitude) at a frequency lower than

1.5 MHz, the lowest of the six fixed sounding frequencies used on

Explorer 20. A given resonance could be observed by Explorer 20 whenever
the plasma parameters were appropriate for one of the six fixed frequencies.
Because the plasma parameters usually changed very slowly compared with
the sounding rate, a single resonance could be observed continuously for an
extended period of time. It was as if the Alouette 1 frequency scale had
been expanded by a factor of 1000. This long viewing period made it
possible to examine in detail the resonance features and the effects of
antenna orientation.

The identification of the nf, resonances was quite simple since the nfy
frequencies depend only on the (known) terrestrial magnetic-field strength
at the satellite location. The resonances at fy, f;, 2f; were initially more
difficult to identify because these resonances depend on the (unknown) local
electron density. A special procedure, devised for the identification of In Ip
and 2f. used observations at several of the fixed frequencies and required
that the interpretation yield internal consistency (Calvert and Van Zandt,
1966). It was soon discovered, however, that each type of resonance (nfy,

Jyv Jr. and 2f}) exhibited a characteristic pattern on ionograms and could

therefore be recognized by its unique signature.!2 In addition to being
convenient for identification purposes, the resonance patterns contained
the clues that led to the currently accepted theories of topside resonances.

The great resolution of the Explorer 20 data at various critical conditions
(whenever the plasma parameters had the proper values for observations at
the available sounder frequencies) made it possible to show conclusively that
there was no resonance at X = 1-Y and at X = 1+Y (see Section 1.2.9.3). The
Explorer 20 data was also used to demonstrate that the satellite wake had

12" At high latitudes the rapid variations in local electron density
tended to obscure the characteristic patterns of resonances making
the identification unreliable. When this happened it was necessary
to use the special procedure based on consistency at several fixed
frequencies.
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no detectable effect on the resonances. Because of its limited resolution,
the Alouette 1 data had left some uncertainty concerning wake effects and
resonances at X=1-Yand at X = 1+Y.

2.2.2 Experimental Observations
2.2.2.1 Introduction

The most complete description of the fixed-frequency observations of
topside resonances has been given in a paper by Calvert and Van Zandt
(1966). The paper was the basis of the nonpictorial summary given here.
For a better appreciation of the complexity of the resonance patterns one
should refer to the illustrations given by Calvert and Van Zandt. Additional
examples have been shown by Calvert and McAfee (1969) and by King et al.
(1968b). The paper by King et al., incidentally, seems to be the only one in
which simultaneous observations at all six fixed frequencies have been
presented.

2.2.2.2 The 2f, resonance

The Explorer 20 data showed that the 2f,, resonance pattern was

characterized by an unusual degree of complexity. Although these patterns
exhibited a certain amount of variability, some features appeared quite
consistently. Peaks in the resonance amplitude could be observed two or
four times per roll period. Simple peaks with broad and shallow fringes
were seen when the antenna was parallel to the geomagnetic field. When
the antenna was perpendicular to the geomagnetic field, the peaks exhibited
deep and narrow fringes. Sometimes on different days (when the
geophysical conditions were nearly identical) the patterns would repeat with
an amazing degree of similarity. The variability and occasional repeatability
of the 2f, fringe patterns indicated that these patterns were closely related

to the ambient ionospheric conditions. The significance of this statement is
better appreciated if one recalls that the frequency of the 2f;,, resonance is

controlled uniquely by the strength of the geomagnetic field at the satellite.
Thus the 2f, resonance pattern was evidently controlled by additional

parameters, such as perhaps electron density, electron temperature, or
other ionosphere characteristics.

2.2.2.3 The nf, resonances (n > 2)

Higher harmonics of the f;; resonance have also been observed on the

Explorer 20 data. The third, fourth, and fifth harmonics exhibited
resonance patterns similar to that of 2f;, , but intensity became rapidly

weaker as the harmonic number increased. When n was greater than 5, the
nfy resonances were too weak to reveal the features of their patterns.
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2.2.2.4 The fyresonance

The f,, resonance was found to consist of two parts, a broad short-delay part
and a narrow long-delay part. The short-delay response was usually finely
fringed and exhibited narrow gaps when the antenna was perpendicular to
the geomagnetic field. The long-delay response usually occurred as two very
narrow columns of fringes. An important feature of the fy resonance was the
presence of thin, short, slanted lines emanating from the center of the fy

resonance and exhibiting a subsequent time delay about one order of
magnitude greater than that of the ordinary reflection echoes. This little
feature turned out to be the Rosetta stone of the resonance kingdom. Its
interpretation (see Section 2.2.3.1) was the first step in unravelling the
mysteries of topside resonances.

2.2.2.5 The f;and 2f;resonances

The f; and 2f;resonances were frequently observed in the Explorer 20 data.
The fresonance was always very strong for f;. < 2f, (or equivalently for

JSy<Jy/3). Under these conditions the f.resonance had a striking
characteristic fringe pattern, often resembling huge modulated arches
merging at their peaks into a strong but relatively featureless continuum.
When f.> 2f, the f.resonance was weak and finely fringed. The 2f;

resonance was always weak, fringeless, and slightly spin modulated.
2.2.3 Theoretical Explanations of Principal Resonances
2.2.3.1 Introduction

Our present understanding of the principal resonances (nfy. fy. fr» 2f7 is

based to a large extent on the interpretation of the Explorer 20 data. A
major breakthrough occurred with the explanation of the long-delay traces
originating from the center of the f, resonance. Calvert (1966d) showed

that these traces were oblique z-mode echoes propagating between the
satellite and the ordinary-mode reflection level. These oblique echoes are
made possible by the shape of the extraordinary (z-mode) refractive index
surfaces in the vicinity of f,, The properties of refractive index surfaces

used in Calvert's analysis were previously known (Poeverlein, 1949). It was
Calvert, however, who first realized that these properties could explain the
very puzzling long-delay echoes seen on topside ionograms near f,, Calvert's
theory of the oblique z-mode echo may seem unrelated to the subject of
topside resonances, until one realizes that the same basic theory (i.e.,
oblique z-mode propagation near f,) was later used to explain the resonance
at the plasma frequency. Calvert's work was therefore a major milestone in
the development of topside resonance theories.
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2.2.3.2 The Plasma Resonance (fy> fy)

Calvert's analysis of the oblique z-mode yielded a second solution which he
discarded because the corresponding delays were excessively large. McAfee
(1968) discovered that the delay times corresponding to this second
solution have reasonable values when the operating frequency f is
sufficiently close to fy. McAfee found that the corresponding waves could be

obliquely reflected after traveling short distances and that the resulting
echoes could account for the f, resonance. These waves were shown to be

highly dependent on plasma parameters, particularly the electron
temperature, indicating that the waves might be useful as an experimental
tool. McAfee's initial analysis was based upon a simplified geometry
(horizontal magnetic field, vertical electron-density gradient, and
propagation in the magnetic meridian) and the assumption Sy > fywas made.

In a subsequent paper McAfee (1969a) showed that slowly propagating
waves near the plasma frequency can also reflect obliquely and intercept the
satellite when the magnetic field is not horizontal and when propagation is
out of the magnetic meridian. McAfee (1969a) also found that there are in
general two waves that can return to the satellite for a given set of plasma
conditions. By taking into consideration (1) the pulsed nature of the
transmitted signal, (2) the bandwidth of the receiver, and (3) the motion of
the satellite, McAfee showed that the two waves received at the satellite
must be transmitted at slightly different frequencies in order to have the
same time delay (and reach the moving satellite at the same time). McAfee
showed that these two waves could produce an interference pattern
consistent with the fringes exhibited by the fyresonances seen in the
Explorer 20 data. McAfee also pointed out that the observed beat frequency
was dependent on the electron temperature and could therefore be used to
measure this particular plasma parameter. Warnock et al. (1970) used data
from an ISIS 1 ionogram (displaying consecutive fixed-frequency and swept-
frequency soundings) to show how such a measurement could be made. The
ionogram was obtained at an altitude of 1380 km, and an electron
temperature of 4500 * 300 K was calculated from the ionogram data. The
plasma resonance beat frequency was measured from the fixed-frequency
sounding; the electron-density scale height, a quantity needed in the
calculations, was derived from the swept-frequency sounding. McAfee's
theory of the topside sounder plasma resonance is still the currently
accepted explanation.

2.2.3.3 The Upper Hybrid Resonance

McAfee (1969b) showed that the behavior of waves near the upper hybrid
frequency fris similar to the behavior found near the plasma resonance fy

(see Section 2.2.3.2) when fris less than 2f,; Under these conditions ray
paths almost identical to those calculated near fy are found that can return

energy to a moving satellite and account for the observed resonance at Ir
When fis greater than 2fy, the behavior of the waves near Jfris such that an
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efficient return path no longer exists. However, the possibility of return
paths producing weak echoes was found. This theoretical behavior is in
excellent agreement with experimental observations.

2.2.3.4 The Plasma Resonance (fy < f;))

The theoretical explanation of the plasma resonance initially provided by
McAfee (1968 and 1969a) assumed that f,, was greater than f,,. McAfee

(1970) repeated his analysis for the condition fy < f; and found that a

difference in behavior occurs that is similar to the change in the upper
hybrid resonance mechanism as f; becomes less than 2f,,. The theoretical

predictions could not be verified with the Explorer 20 data because the
lowest sounder frequency (1.5 MHz) was always greater than f;;. A few

observations made with the fixed-frequency sounder on ISIS 1 have shown
Jy resonances of short duration when f,, was less than f,, as expected from

McAfee's analysis. These observations, however, were all at high latitudes
where other factors may have been more important.

2.2.3.5 Concluding Remarks

A number of authors have introduced various mathematical refinements to
McAfee's treatment of the f, and f; resonances (Fejer and Yu, 1970; Graff,

1971; Parkes, 1974). In all cases, however, the assumed physical
mechanism was the same as that originally proposed by McAfee. Thus, the
subsequent analyses have confirmed McAfee's explanation of the f,, and f

resonances. An experimental confirmation of McAfee's model of the f

resonance was provided by a rocket test (McAfee et al., 1972), in which it
was observed that the variation of the f;. echo versus frequency was

according to McAfee's predictions. McAfee (1974) found that the
mechanism that he had used so successfully to explain the f, and f;

resonances could not be readily applied to the nf,, resonances. He was
unable to find any wave mechanism near f}; that could explain the fy
resonance. There were no data from Explorer 20 at the frequency f,,, but
the fixed-frequency data from ISIS 1 showed that the f;, resonance has a

fringe pattern, suggesting that a wave mechanism might still be responsible.
Very refined calculations of refractive index surfaces for frequencies near Sy

were performed by Muldrew and Estabrooks (1972). These calculations
made fewer approximations than had been used in previous refractive index
surface studies. This work did not resolve the f, mystery; it simply led to

the suggestions that three separate mechanisms could contribute to Ty

Further details on these unproven ideas seem unwarranted since a
satisfactory explanation for the f, resonance has not yet (1988) been

published. McAfee (1974) pointed out that the refractive surfaces at
frequencies near nf,; are much more complicated than those near Sfyand fn

He suggested that the fringe patterns in the nfy, resonances were probably
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also due to wave mechanisms. With these concluding remarks we reach the
point where further studies of topside resonances were based to a large
extent upon data obtained by later satellites of the Alouette-ISIS program,
particularly Alouette 2 (see Section 3.2.9).

2.3 Investigations of Ionospheric Irregularities
2.3.1 Introduction

The Explorer 20 mission has yielded new information on the structure and
distribution of ionospheric irregularities for essentially the same reasons
that it has yielded the improved observations of ionospheric resonances
discussed in Sections 2.2.2.2 to 2.2.2.5. The Explorer 20 sounder cycled
through all six of its sounding frequencies in 0.105 s during which time the
satellite moved approximately 0.8 km. It was therefore well suited for
measuring irregularities down to that size. In the case of the Alouette 1
sounder, the complete frequency sweep was repeated every 18 s, during
which time the satellite moved about 130 km. The greatly improved spatial
resolution of Explorer 20 was in the horizontal direction and more
specifically along the circular orbit of the satellite. The vertical resolution
was very poor, and the acquisition of vertical electron-density profiles was
not practical. Useful electron-density information could, however, be
obtained at the satellite altitude by using the data (at the lower sounder
frequencies) on resonances and on x-mode cutoffs at the spacecraft. At

the higher frequencies, whenever layer penetration occurred, fF2 and

sporadic-E data could sometimes be obtained. This made it possible, for
example, to acquire new information on electron-density gradients at
various latitudes and on the spatial extent of intense sporadic E.

2.3.2 Ducting and Scattering

The Explorer 20 data have supported the previous theories of ducting and
scattering that had tentatively been formulated to explain certain sounding
rocket and Alouette 1 observations (see Sections 1.2.8.2 and 1.2.8.3).
Explorer 20 data have provided numerous examples of direct-ducted and
combination-mode ducted echoes.

The direct-ducted echoes occurred when the satellite passed through a
ducting irregularity. Since ducted signals were confined to the relatively
small space of a duct, the geometrical losses were very small and the echoes
were very intense. From the duration of the echoes and from the speed of
the satellite, the ducts were found to be 2 to 4 km thick in the North-South
direction (Calvert et al., 1964). Since this thickness was comparable to the
East-West thickness measured with the topside sounder rocket test (Calvert
et al., 1962}, it was concluded that the ducts were circular and not laminar.
This conclusion was also consistent with the intensity of the ducted echoes.
The total delay through a duct for a direct-ducted signal was found to be
consistent with the assumption of propagation along the geomagnetic field
whenever such a detailed comparison was made.
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Combination-mode echoes could be observed only when the satellite passed
through the vertical plane containing a ducting irregularity. In this case the
refraction of the ambient ionosphere is required to bring the wave to
parallelism with the duct after which the wave is guided by the duct to the
reflection level. The wave is then returned along the same path. The echo
paths give rise to a trace starting at the normal ionospheric trace and
gradually increasing in range as an increasingly greater portion of the path
becomes ducted. Explorer 20 data on combination-mode ducted echoes
have been discussed by Calvert (1966a).

Scattered echoes can be produced when an abrupt change in refractive
index occurs perpendicularly to the path of a radio wave. Scattered echoes
produced by field-aligned irregularities have frequently been observed on
Explorer 20 ionograms. The scattered echoes are usually of two types,
direct scattering and scattering after ionospheric reflection. Both types of
scattering produce unique signatures on Explorer 20 ionograms that assist
in their identification. These signatures are also consistent with the inter-
pretation that the irregularities are field aligned. At high latitudes the
direct echo pattern also goes to zero range, indicating that the field-aligned
irregularities are distributed in sheets. Otherwise the minimum echo range
would be that corresponding to the distance between the orbit and an
isolated field-aligned irregularity (Calvert 1966a). The distribution in
sheets tends to terminate southward in the region of the main ionospheric
trough (see Section 1.2.5.4). Legg and Newman (1967) have suggested that
this trough provides a path for the 1.95 MHz Loran signals that are
frequently observed on the low-frequency (2 MHz) Explorer 20 records.

2.3.3 Conjugate Ducts
2.3.3.1 Introduction

A conjugate duct is a duct extending from one hemisphere to the
magnetically conjugate region in the opposite hemisphere. Conjugate ducts
are of considerable interest because of their importance to the theory of VLF
radio wave propagation and to the theory of HF long-delay echoes.

A very comprehensive investigation of conjugate ducts was done by Loftus

et al. (1966) using some 600 conjugate duct observations obtained with the
Explorer 20 sounder. Since the sounding period of 15 ms (corresponding
to a vertical range of 2250 km) was repeated every 105 ms, it was possible
to observe echoes corresponding to the following virtual ranges in km: O-
2250, 15,750-18,000, 31,500-33,750, etc. Although echoes corresponding
to the next virtual range window (47,250-49,500 km) were theoretically
possible, only echoes corresponding to the first three windows have been
reported.

2.3.3.2 Latitudinal Distribution

All observations of conjugate ducts occurred in regions where the magnetic
dip angle was less than 65 deg. The very sharp decrease in duct occurrence
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seen when the dip angle became greater than 65 deg may have been partly
due to the observation windows indicated in Section 2.3.3.1. Making
allowance for window and diurnal effects, the frequency of ducting seemed
to be independent of latitude between dip angles 60 deg S and 30 deg N,
except near the dip equator where the occurrence of ducting dropped to
zero (Loftus et al., 1966).

2.3.3.3 Diurnal Variation

The diurnal variations of conjugate ducts were obtained for two equinoctial
periods: August 25-November 20, 1964 (292 ducts) and February 14-May
12, 1965 (224 ducts). Data for the two periods were consistent in showing
a minimum occurrence near midnight, a sharp rise near 2 a.m. local time, a
maximum near sunrise, a second minimum near noon, and a small
secondary maximum near sunset (Loftus et al., 1966).

2.3.3.4 Thickness and Separation of Ducts

A study of the North-South thickness of conjugate ducts, based on 567
observations, yielded thickness values ranging from 1 km (the smallest
observable thickness) to 40 km. The data were summarized in a graph
showing the number of observations (in steps of approximately 1 km) versus
the logarithm of the duct thickness. The best fitting logarithmic normal
distribution was centered at 4.2 km. For this logarithmic distribution curve
the standard deviation corresponded to a thickness variation by a factor of
2.1 (Loftus et al., 1966).

Center-to-center duct separations were measured for 390 observations, and
the results were presented in the same manner as the thickness data. The
distribution was centered at 42 km, and the standard deviation
corresponded to a factor of 4.3 (Loftus et al.,, 1966). The only previous
measurement of duct thickness and separation was by Calvert et al. (1962),
and it was based upon the data from the second rocket test of the fixed-
frequency experiment (Jackson, 1986, p.16).

2.3.3.5 Electron Density in Ducts

The fractional enhancement of electron density within a duct was estimated
from the latitude at which the duct was observed and from the highest
frequency that was trapped by the duct. This study showed that in most
cases the enhancement was less than 1 percent. The maximum
enhancement observed was between 5 and 8 percent (Loftus et al., 1966).
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2.3.4 Electron-Density Gradients in Topside Ionosphere

2.3.4.1 Gradients at Low- and Mid-Latitudes

The North-South electron-density gradient (A N/N) per unit distance at the
edge of the equatorial bulge was found to be about 5x10% km™!. A gradient of

1x10"% km™! was found to be typical at midlatitudes (Calvert, 1966b).
2.3.4.2 Gradients at High Latitudes

The scale of the electron-density structure at high latitudes was sometimes
found to be smaller than the 0.8 km resolution of the Explorer 20 sounder.
Consequently, the Explorer 20 data often yielded a lower limit to the actual
gradient. Gradients measured were typically 6 percent per km within the
high-latitude trough and 60 percent per km in the auroral zone (Calvert,
1966Db).

By comparing Explorer 20 data with auroral backscatter data, Lund et al.
(1967) showed that the electron density in the auroral zone exhibits
fluctuations that are large in amplitude (of the order of 2 to 5 times the
ambient values) but small in geographic size (about 1 to 10 km). These
observations indicated that the backscatter echoes were produced by
irregularities in the form of field-aligned sheets. A study by Jorgensen and
Bell (1970), based on 14 Explorer 20 passes through the polar ionosphere,
led to the conclusion that the Explorer 20 data could be used as an indicator
of auroral activity and could provide a rough mapping of the auroral zone.

2.3.5 Sporadic E

New information on the North-South length of sporadic-E clouds was
obtained by Cathey (1969) using Explorer 20 data. About 130 midlatitude
sporadic-E clouds were measured during this study. Cathey found that the
average length of a sporadic-E cloud was 170 km on the 7.22 MHz records
and 250 km on the 5.47 MHz records. In approximately 97 percent of the
observations, the sporadic-E clouds were transparent at 7.22 MHz as
evidenced by the presence of ground echoes. The average length of
nontransparent (blanketing) clouds at 7.22 MHz was found to be 80 km for
the ordinary mode and 100 km for the extraordinary mode. Cathey found
the lengths of sporadic-E clouds to be independent of latitude. The lengths
measured by Cathey agreed quite well with estimates based upon ground-
based observations (Thomas and Smith, 1959).
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3. ALOUETTE 2 RESULTS
3.1 Introduction

The most significant aspect of the Alouette 2 mission was the major
breakthrough in technology that was accomplished; namely, the successful
combination on the same spacecraft of topside soundings and of local iono-
spheric measurements. There was no assurance prior to launch, however,
that the necessary "breakthrough" in technology would indeed be achieved.
In fact, to ensure that the scientific (if not the technological) objectives
could be met, two satellites were launched simultaneously in the same orbit;
namely, Alouette 2 with the topside sounder aboard and Explorer 31
carrying the ionospheric experiments that might not be compatible with the
sounder. One of the Explorer 31 experiments was duplicated on Alouette 2,
and comparisons between the results of the two identical experiments
showed that the Alouette 2 design was compatible with the local
measurements of ionospheric parameters in the immediate vicinity of the
spacecraft. The success of the techniques first tried on Alouette 2 made it
possible to combine all the desired ionospheric measurements on a single
spacecraft in the subsequent ISIS 1 and ISIS 2 missions.

The ionospheric experiments making local measurements yield, typically,
electron and ion densities, electron and ion temperatures, and ion
composition. Since these measurements are made at the surface of the
spacecraft, they yield data only at the altitude of the satellite. Had
experiments of this type been performed on Alouette 1, all the resulting
data would have been for an altitude of 1000 km. The eccentric orbit
selected for the joint Alouette 2-Explorer 31 mission (also known as the
ISIS X mission) made it possible to measure these additional ionospheric
parameters over an altitude range of 500 to 3000 km. This orbit also made
it possible to extend the altitude range of topside soundings by including the
previously unexplored 1000 to 3000 km altitudes. Similarly, a new altitude
region could also be explored by the VLF and Energetic Particle ex-
periments that were repeated on Alouette 2.

The analysis of the high-altitude ionograms from Alouette 2 required that a
number of refinements be made to the methods developed for the much
simpler Alouette 1 ionograms. For continuity of presentation, however, the
entire topic of ionogram analysis was given under the Alouette 1 overview.
For similar reasons papers based either partly or entirely on Alouette 2 were
quoted in other sections of the Alouette 1 overview. From the 200
references given in the Alouette 1 overview, a total of 34 references was
based partly (and in some cases, mostly} on Alouette 2. The results related
to Alouette 2 occur in Sections 1.2.2, 1.2.3, 1.2.4, 1.2.5.4, 1.2.6.5, 1.2.6.7,
1.2.7.4, 1.2.7.5, 1.2.9.2, 1.2.10.4, and 1.3.5. About five of the references
given in the Explorer 20 overview were based partly on (or inspired by) the
Alouette 2 results. To avoid repetition, the previously quoted Alouette 2
results will not be included again in the Alouette 2 overview. It is hoped that
this policy and the resulting shorter Alouette 2 overview will not minimize
the importance and the success of the Alouette 2 mission. Alouette 2
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matched the longevity record of Alouette 1 by staying fully operational for 10
years. The Alouette 2 mission resulted in over 175 publications in refereed
scientific journals.

3.2 The Alouette 2 Topside Sounder Experiment
3.2.1 Introduction

The Alouette 2 sounder was redesigned to measure electron-density
concentrations much lower than the concentrations that could be measured
with the Alouette 1 sounder. This redesign was based upon considerations
similar to those given in the following discussion. Thomas et al. (1966) have
shown that electron densities as low as 1000 + 700 cm™ were occasionally
detected by the Alouette 1 sounder at the satellite altitude (1000 km). A
density of 1000 cm™3 was about the lowest that could be detected with the
Alouette 1 sounder, and the error was then comparable to the quantity
measured. The density N, at the satellite altitude was derived from the

analysis of the extraordinary trace. Thomas et al. (1966) showed that the
accuracy improved rapidly as N became greater, the error being 30 percent

at N_ = 3000 cm™, 12 percent at Ny = 10* cm™ (a typical Ny value at 1000
km) and less than 5 percent for N > 4x10% cm™. The density at the satellite
can also be derived from the value of the plasma resonance f,. On Alouette 1
the minimum sounder frequency was 0.5 MHz (corresponding to N, = 3000
cm™3). For a reliable measurement of fy, however, the full frequency

spectrum of the resonance should be displayed on the ionogram. This
requires that fy be at least 0.6 MHz with a corresponding N of about 4500

cm™>. Consequently, the low densities encountered by Alouette 1 could not

be measured with the plasma resonance. Considerations of this type, showed
that (1) densities much lower than 10% cm™ could be expected during the
upper portions of the Alouette 2 orbit, in view of its 3000-km apogee; (2) the
low-frequency resolution should be improved on Alouette 2; and (3) the
minimum sounder frequency should be much lower on Alouette 2 than it was
on Alouette 1. The study of resonance phenomena indicated also that an
improved low-frequency resolution would be very helpful.

The minimum sounding frequency was lowered to 0.12 MHz on Alouette 2.
The plasma frequency, however, could not be reliably measured at 0.12 MHz
because the full f resonance spectrum could not be seen when Sy =0.12

MHz and also because the minimum frequency calibration marker was at 0.2
MHz. An accurate measurement of f could be made, however, at f= 0.2

MHz, corresponding to N = 500 cm™3. Thus the range over which accurate

density measurements could be made was extended downward by an order
of magnitude on Alouette 2. The improved low-frequency performance of

the Alouette 2 sounder (compared to the Alouette 1 sounder) was due not

only to the extended low-frequency range but also to a substantial increase
in power output and in resolution at the low frequencies.
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The sounder resolution below 2 MHz was eight times greater on Alouette 2
than it had been on Alouette 1. To ensure that frequency measurements
could be made below 2 MHz with an accuracy comparable to the resolution,
Benson (1970b) developed a frequency interpolation correction procedure
for Alouette 2 ionograms. Although the low-frequency resolution of the
extraordinary trace had been increased by a factor of 8, the corresponding
improvement in the measurement of low N¢values was no greater than that

achievable with the improved plasma resonance data. It should be noted
that the frequency resolution below 2.0 MHz on the ISIS 1 and ISIS 2
ionograms is about one-third that of Alouette 2. Thus the Alouette 2
resolution below 2.0 MHz is significantly better than that of the other
sounders of the Alouette-ISIS series. Consequently, the Alouette 2 data have
been found very desirable not only for low-density measurements, but also
for the study of resonance phenomena. The improved low-frequency
resolution (and output power) of the Alouette 2 sounder made possible many
studies that could not be done with the Alouette 1 data.

3.2.2 Measurements of Very Low Densities at the Spacecraft

Although the Alouette 2 sounder could measure electron densities accurately
down to 500 cm™® (fy = 0.2 MHz) and estimate electron densities down to

280 cm™ (fy= 0.15 MHz), it was soon discovered that in the polar regions at

altitudes near apogee the electron density was frequently less than 280 cm™
(Nelms and Lockwood, 1967). Hagg (1967) noted that the overlap of the f
and frresonances in these very low density regions seems to produce an
interference pattern. By assuming that the f; and f; resonances occur at
their nominal (cold plasma) frequencies, a simple relationship can be
derived that relates the interference or "beat" frequency to the ambient
electron density. Using this beat-frequency technique Hagg (1967) made
electron-density measurements in the 8 to 100 cm™ range, which
corresponds to the range over which the beat-frequency could be accurately
measured on Alouette 2 ionograms. There is an upper limit of about 250
cm™ to the density that can be measured by the beat-frequency method, and
this was too low to permit a comparison with measurements based upon the
plasma resonance (or upon the cylindrical probe that was also included on
Alouette 2). Since the theory of the f; and f; resonances was not
sufficiently well understood to justify the assumptions underlying Hagg's
beat-frequency technique, and since independent checks were not possible,
the accuracy of Hagg's technique could not be determined.

Jackson (1972) and Lockwood (1972) found that the Hagg technique
yielded values of N (in the 8 to 100 cm™ range) approximately one-third the

values derived by N(h) analysis techniques. These results were not
conclusive, however, because for very low Ngvalues the N(h) analysis has to
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be initiated by assuming the scale heightl3 to be constant or monotonically
decreasing as a function of distance below the satellite. A partial check of
the Hagg technique was done by Whitteker (1978) using ISIS 1 sounder
data. The minimum sounder frequency on ISIS 1 was slightly less than 0.1
MHz and a frequency calibration was provided at 0.1 MHz (fy = 0.1 MHz

corresponds to N.= 125 cm™3). Thus the ISIS 1 data provided a density
range of about 125 to 250 cm> where the f,, and the Hagg methods

overlapped. Using the data from 77 ISIS 1 ionograms (for which both
methods could be used), Whitteker (1978) showed that the beat method
yielded values of density lower than those derived from fy by an average of

10 percent and with a dispersion of about 10 percent. Although the results

do not apply to Hagg's measurements in the 8 to 100 cm range, they do
lend some support to Hagg's technique.

3.2.3 Calculations of Electron-Density Profiles

Many refinements in ionogram reduction techniques were the results of
efforts made to solve various problems presented by the Alouette 2 data.
These refinements have been discussed in Section 1.2.4.3 and are therefore
not repeated here. The Alouette 2 ionograms obtained during the higher
portion of the orbit (altitudes between 2000 and 3000 km) tend to be very
difficult and often impossible to reduce to electron-density N(h) profiles.
The Alouette 2 ionograms obtained near perigee (500 km) are in general
easy to analyze, but they yield profiles over a very restricted altitude range.
Thus the Alouette 2 ionograms were not as well suited as the Alouette 1
ionograms for large-scale routine reductions. Consequently, the number of
Alouette 2 ionograms reduced to N(h) profiles is only about one-third the
corresponding number for Alouette 1. Electron-density profiles derived
from: Alouette 2 data have been published in Canada by CRC and in Japan by
RRL (Radio Research Laboratories).

3.2.4 Investigations of the z-Trace

The high-resolution z-trace data on Alouette 2 ionograms made possible
some investigations that were not possible with the Alouette 1 data. The
z-trace on an ionogram is basically a low-frequency extension of the x-trace.
The frequency f, where the z-trace begins is related to the frequency fy

where the x-trace begins by the formula:
fz = f; X" Ji H

where f}; is the gyrofrequency at the satellite. For the Alouette and ISIS
orbits fy varies from 0.2 MHz to 1.6 MHz. The high-frequency end of the
z-trace is always less than f,. The frequency range of the z-trace is therefore

13 See Section 1.2.6.2 for the definition of scale height.
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less than f;. Thus, in contrast to the o- and x-traces, which can extend over

a frequency range of 10 MHz or more, the frequency range of the z-trace
seldom exceeds 0.8 MHz. Since fy. values of 2.0 MHz or less are fairly

common on topside ionograms, the corresponding z-trace occurs at
frequencies less than 2.0 MHz. Consequently, the great improvement in
resolution below 2.0 MHz on Alouette 2 ionograms has been very helpful for
the investigation of z-trace characteristics. Jackson (1969a) showed that
the z-trace data on Alouette 2 could be used to check the results of the
conventional x-trace analysis of topside ionograms. Colin and Chan (1969)
conducted a comprehensive study of z-trace characteristics and concluded
that the z-trace data on many Alouette 2 ionograms could be used to improve
the accuracy of electron-density profile calculations.

3.2.5 Global Electron-Density Distribution
3.2.5.1 Introduction

The Alouette 2 sounder data were used to extend the knowledge of the
topside ionosphere to altitudes between 1000 and 3000 km. In their study
of the global electron-density distribution, Chan and Colin (1969) have
shown Alouette 2 N(h) data for two pole-to-pole passes, one in March 1966,
and one in July 1966. This should be contrasted with the pole-to-pole data
shown in the same study but based upon Alouette 1 ionograms. The

Alouette 1 pole-to-pole data represent averages from over 100 separate pole-
to-pole passes. This illustrates the point made earlier that the large-scale
reduction of ionograms to N(h) profiles was less extensive with the Alouette
2 data than with the Alouette 1 data.

3.2.5.2 Equatorial and Midlatitude Studies

Walker and Chan (1976) used Alouette 2 and ISIS 1 ionograms recorded at
Singapore to conduct a comprehensive study of the equatorial anomaly in
the topside ionosphere at sunspot maximum. All previously reported results
had been for low-solar-activity conditions (see Section 1.2.5.2). Walker and
Chan used data for the period November 1969 to January 1970 (Zurich
sunspot number R;= 100, K, < 2). Walker and Chan compared their results
with those obtained for R, = 30 and found that the electron density had

increased by a factor of 2.2 at all heights (up to 1000 km) at 30 deg S dip
latitude and by a factor of 3.0 at 1000 km over the geomagnetic equator.
The anomaly at sunspot maximum was found to begin at 1000 h (local time)
and to be fully developed at 1600 h, which is very similar to the diurnal
development of the topside anomaly observed at sunspot minimum.

Matuura and Ondoh (1969) used Alouette 2 ionograms to derive average
N(h) profiles for equatorial latitudes and midlatitudes. This study was based
on 76 nighttime passes over Japan during the period October 1966 to
September 1967 and when K, was less than 4. The data corresponded to

geomagnetic latitudes from -20 deg to +68 deg. Matuura and Ondoh
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presented their results for the two consecutive 6-month periods. They
published average densities at selected altitude levels (up to 3000 km) and
at 10-deg intervals over the geomagnetic latitude range of the data.

Pandey and Mahajan (1973) have used Alouette 2 N(h) profiles published in
Canada by CRC to investigate the electron-density distribution at mid- and
high latitudes for altitudes up to 3000 km. The main conclusions from this
study were related to the occurrence of the "main" or "midlatitude” trough
(i.e., the electron-density depression that occurs at geomagnetic latitudes of
about 60 deg). They found that the trough is always seen at night. During
the daytime, the trough is seen only during winter conditions and at heights
above 1000 km. The trough was found at higher geomagnetic latitudes
during the day than during the night.

3.2.5.3 The High-Latitude Ionosphere Above 1000 km

The Alouette 1 data on electron densities at high latitudes were extended by
the Alouette 2 data to include the altitude range from 1000 to 3000 km. The
principal new results obtained at these higher altitudes were related to the
mapping of extensive regions where the electron density was less than about
100 cm™. Since these density values were less than could be measured by
conventional topside sounder techniques, the beat-frequency technique of
Hagg (1967) had to be used for the measurements. Timleck and Nelms
(1969) examined 400,000 Alouette 2 ionograms for evidence of the beat
phenomenon and found approximately 800 that contained clearly resolvable
beats. In spite of some uncertainty concerning the accuracy of the beat
technique (see Section 3.2.2) the presence of a clear interference pattern
for the combined f;; and f; resonances is a fairly reliable indication of

ambient densities being less than approximately 100 cm™3. Using basically
this criterion, Timleck and Nelms (1969) found that N, < 100 cm™ occurred

mainly at altitudes greater than 2000 km and at geomagnetic latitudes
greater than 60 deg. The lowest altitude and latitude where these low
densities were seen were 1400 km and 45 deg respectively. In the
northern hemisphere winter and near sunspot minimum, the low densities
were observed at all local times.

3.2.6 The Upward Flow of Light Ions

The existence of densities well below 100 cm™ at altitudes as low as 2000
km (see Section 3.2.5.3) was a very surprising result. Axford (1968) showed
that the low-density results from Alouette 2 were consistent with the
concept of an outward flow of helium and hydrogen ions in the region of
open magnetic field lines (i.e., outside the plasmasphere), which he called
the "polar wind." At about the same time Hoffman (1968) using his data

from the Explorer 31 mass spectrometer found that a high flux of H* ions
was observed in high-latitude regions when the mass spectrometer was

pointed downward. This observation, interpreted as an upward flow of H'
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jons (with a velocity of 10 to 15 km s'!), provided the first experimental
evidence of the polar wind.

The concept of the polar wind was developed further by Banks and Holzer
(1969) and shown to be the result of the topside ionosphere being exposed
to the general magnetospheric electric field. According to Banks and
Holzer, the hydrogen ion flow velocity becomes supersonic (with values of
about 20 km s’!) at altitudes between 2000 and 4000 km and continues to
increase at greater altitudes. Mahajan and Pandey (1974) used Alouette 2

electron-density profiles to estimate the H* fluxes in the polar regions. The
calculations of Mahajan and Pandey, which were based upon a comparison
between typical N(h) profiles at low-, mid-, and high latitudes, led to a value

of 22 km s’! for the H' ion velocity in good agreement with the theoretical
results of Banks and Holzer (1969).

Banks and Doupnik (1974) used Alouette 2 electron-density profiles

extending up to about 2500 km to show that a large upwards H* ion flow
occurs in the sunlit morning sector at invariant latitudes as low as 48 deg

(L = 2.2); i.e., in regions considered well inside the plasmasphere. The light
ion flow within the plasmasphere was tentatively attributed to a diurnal
refilling process.

3.2.7 Miscellaneous N(h)-Related Studies
3.2.7.1 The G-Condition

Herzberg et al. (1969) conducted a general survey of topside sounder data to
determine the occurrence rate and other characteristics of the ionospheric
G-condition (see Section 1.2.6.1). Approximately 100,000 Alouette 1 and
Alouette 2 ionograms obtained between January 1966 and August 1967 were
examined and the G-condition was seen on about 200 of these,
corresponding to about 100 satellite passes. In agreement with earlier
investigations, the G-condition was observed only at high latitudes and
during the daytime. However, in contrast to previous results which had
shown that the G-condition was associated with magnetic storms, the
investigation of Herzberg et al. (1969) revealed many cases of G-conditions
occurring in the absence of magnetic disturbances; for example, when K,

was as low as 1-. In fact, the most clearly defined cases of this G-condition
were found to occur during periods of only mild magnetic disturbances.

Usually the G-condition was seen only on a single ionogram or on very few
successive ionograms. However, three passes were found, each containing a
series of about 10 consecutive ionograms indicating the presence of a
G-condition over a path of about 1000 km. The N(h) distribution versus
latitude for one of these long sequences of G-condition ionograms showed
very clearly the formation and recovery pattern. The electron density at
fixed altitude in the F2 region and up to about 1000 km decreased as a
function of latitude down to about half the normal value and then returned to
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normal. Above 1000 km an opposite but somewhat less pronounced variation
was observed.

3.2.7.2 Midlatitude Red Arcs

The investigation of the stable auroral red arc (SAR arc) of September 1967,
which was based upon Alouette 1, Alouette 2, and Explorer 31 data, has
been discussed in Section 1.2.6.7. Similar investigations were carried out by
Roble et al. (1971) for the SAR arcs which occurred during the periods of
October 29 to November 2, 1968, May 14-15, 1969, and March 8-9, 1970.
Electron-density data from the topside sounder and electron-temperature
data from the electrostatic probes on Alouette 2 and ISIS 1 were used for
these studies. Data from five Alouette 2 passes were used for the first period
above (October 29 to November 2, 1968). Two ISIS 1 passes and two
Alouette 2 passes provided the data for the second and third periods,
respectively. Theoretical calculations were carried out for these nine passes,
again using the thermal conduction model of Cole (1965b) as had previously
been done for the September 1967 event (see Section 1.2.6.7). The results
were in general agreement with the emission features of the SAR arcs
observed during each of the nine satellite passes.

3.2.7.3 Steep Vertical Electron-Density Troughs

A significant number of Alouette 2 ionograms exhibit prominent "nose-
shaped" traces at frequencies slightly above that at which the extraordinary
trace begins. Typically, these traces extend only a few tenths of MHz and
they would be hardly noticeable on Alouette 1 ionograms. Clark et al. (1969)
has shown that these "nose-shaped" traces occur when the sounder is inside
a steep vertical depression of electron density. Oblique echoes are then
reflected from the vertical side of the depression. Although these steep
vertical "electron-density walls" were found more commonly at high
latitudes, the Alouette 2 example investigated by Clark et al. (1969)
occurred at 35 deg North.

A concurrent investigation by Shmoys (1969)14 of the "nose-shaped” traces
on Alouette 2 ionograms led to a theoretical interpretation similar to, but
somewhat more general than that of Clark et al. (1969). Shmoys used the
term "duct" to describe the electron-density depression that caused the
"nose-shaped” traces. Perhaps it would have been more appropriate to call
the depression a "steep vertical trough,"” since the term duct is more
commonly associated with the very extensively investigated field-aligned

14 The near-simultaneity of the two investigations can be judged from
the submission and publication dates. The manuscript by Clark et
al. was received by the Proceedings of the IEEE on October 30,
1968, and published in April 1969. The manuscript by Shmoys was
received by the Journal of Geophysical Research on November 25,
1968, and published in May 1969.
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irregularities (see Section 1.2.8.2). A further distinction was eventually
made between the broad ducts responsible for the low-frequency whistlers
and the narrow medium-frequency (MF) ducts responsible for the conjugate
echoes seen on topside ionograms.

3.2.8 Medium-Frequency (MF) Ionospheric Ducts
3.2.8.1 Introduction

Because of their improved low-frequency resolutions, the Alouette 2, ISIS 1,
and ISIS 2 ionograms have been used extensively for the study of medium-
frequency ionospheric ducts. The results quoted in Sections 3.2.8.1 to
3.2.8.5 were in all cases based upon Alouette 2 data. In several cases,
however, as indicated in the subsequent text, investigators have broadened
their data bases by including ISIS 1 and ISIS 2 data.

As pointed out in Section 3.2.7.3, the use of the term "ionospheric duct” has
not been limited to the field-aligned ionospheric irregularities that produce
the conjugate echoes seen at medium frequency on topside ionograms. The
guiding properties of these MF ducts are usually restricted to a tubular
region having a width of the order of a few kilometers. The width over
which MF radio waves are trapped in a duct is usually given as the measure
of the duct width. Field-aligned irregularities having effective cross sections
much broader than those of MF ducts include the low-frequency whistler
ducts and the more recently identified equatorial bubbles. Equatorial
bubbles have been investigated with Alouette 2 and ISIS 1 ionograms (Dyson
and Benson, 1978; Benson, 1981). The concept of the equatorial bubbles,
however, did not originate from the Alouette-ISIS program. Equatorial
bubbles are large-scale regions of depleted equatorial plasma. These
regions, which can exhibit decreases in electron density of as much as three
orders of magnitude below the normal ambient values, were first discovered
in OGO 6 data by Hanson and Sanatani (1973). Kelley et al. (1976) suggested
that these depleted regions must move upward. The term "bubble" was first
used by McClure et al. (1977) to represent such a depleted region and to
suggest its upward motion.

Many of the above comments could have been given earlier when the subject
of ducts was first introduced in the Alouette 1 overview (see Section
1.2.8.2). The above comments, however, apply more directly to the
investigations of HF ducts based on Alouette 2 data, than to those based on
Alouette 1 data.

The expanded low-frequency scale of the Alouette 2 ionograms not only has
facilitated the study of MF ducts, but also it has produced some truly
spectacular data. Many examples of the beautiful symmetric patterns that
are sometimes formed by conjugate echo traces have been shown by
Ramasastry and Walsh (1969). They have also published a remarkable
sequence of 36 consecutive Alouette 2 ionograms exhibiting conjugate
echoes. Ramasastry and Walsh pointed out that long sequences of 10 or
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more conjugate echo ionograms were fairly frequent in the Alouette 2 data
recorded at Singapore during 1966.

Various percentages have been quoted concerning the occurrence rate of
conjugate echo ionograms. For example, Muldrew (1967b) stated that a
sampling of 60,000 Alouette 2 ionograms from eight low-latitude stations
yielded 3000 ionograms (5 percent) containing conjugate echoes.
Ramasastry and Walsh (1969) found that 50 percent of the 1966 Singapore
ionograms contained ducted echoes. It was soon realized, however, that
these overall percentages were not particularly meaningful because the
occurrence rate of ducted echoes depends critically on location, local time
and season; i.e., on the selected data base. Magnetic activity, however, has
apparently little or no effect on the occurrence rate of ducted ionograms.
The occurrence rate was found to be either independent of K, or to

decrease very slightly with increasing K, (Muldrew, 1967b; Ramasastry and
Walsh, 1969).

3.2.8.2 Physical Characteristics of MF Ducts

From an inspection of 400,000 Alouette 2 ionograms, Ramasastry (1971)
selected 2100 ionograms containing conjugate echoes and representing a
broad range of latitudes and local times. The selected ionograms were used
to calculate the average width of the ducts (as indicated by the duration of
the ducted echoes on the ionograms). Ramasastry obtained an average width
of 6.51 km and a median value of 4.66 km in general agreement with the
most probable value of 4.20 km obtained by Loftus et al. (1966) from the
Explorer 20 data (see Section 2.3.3.4). Ramasastry also calculated, from his

data on ducts, the peak fractional deviation in electron density AN/N,
which he found to be typically a 1 percent enhancement inside the duct.
This result was also consistent with those obtained from the Alouette 1
(Muldrew, 1963) and Explorer 20 studies (Loftus et al., 1966).

Some information on duct cross section was derived by Muldrew and Hagg
(1969) from multiple-hop traces on Alouette 2 ionograms. Multiple-hop
traces are frequently seen on ground-based ionograms where they are
produced by two or more round trips between the ground and the iono-
spheric reflection levels. Although multiple echoes are not nearly as
common on topside ionograms, two-hop echoes are sometimes observed,
the second round trip being initiated by scattering from the sounder
antennas. This topside phenomenon was investigated by Muldrew and Hagg
(1969) using the high-resolution Alouette 2 data. From the strength of the
two-hop signals, it was concluded that the propagation took place in field-
aligned tubes having a cross section of about 0.1 km? and where the electron
density was less than ambient. The ducted propagation was found to be
considerably less efficient for the ordinary wave than for the extraordinary
wave.
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3.2.8.3 Diurnal and Latitudinal Effects

Diurnal and latitudinal effects on the occurrence rate of conjugate-echo
ionograms were investigated by Muldrew (1967b) using as a data base
60,000 Alouette 2 ionograms recorded at eight equatorial stations during
the period November 1965 to October 1966. The diurnal variation was
found to exhibit a broad peak around midnight (with an occurrence rate of
about 10 percent) and a broad minimum near noon (with an occurrence rate
of about 1 percent). A similar diurnal variation was observed by Ramasastry
and Walsh (1969) in their study of the Alouette 2 ionograms recorded at
Singapore. Muldrew (1967b) found the occurrence rate to be very strongly
dependent on the L value, exhibiting a sharp peak of about 20 to 30 percent
at L = 1.35 and decreasing to about 1 percent at L = 3.

3.2.8.4 Lunar, Seasonal and Longitudinal Effects

From a study of 110,000 Alouette 2 ionograms and 85,000 ISIS 1 ionograms
recorded at low-altitude stations from December 1965 to November 1971,
Sharma and Muldrew (1973) found that the occurrence rate of conjugate-
echo ionograms exhibited a lunar semimonthly oscillation reaching a
maximum at 6 and 21 days after the new moon.

Sharma and Muldrew (1975) investigated the seasonal and longitudinal
variations in the occurrence of conjugate echoes using all the ionograms
(280,000) recorded at low-latitude stations by Alouette 2, ISIS 1, and ISIS 2
during the period December 1965 to August 1972. The results were rather
surprising. At American longitudes the occurrence rate was found to exhibit
a single maximum (of about 10 percent) at the December solstice and a
single minimum (of about 2 percent) at the June solstice. At Asiatic
longitudes an opposite behavior was observed; i.e., the maximum was in June
and the minimum was in December. Sharma and Muldrew noted, however,
that a common feature was present in what appeared to be a completely
opposite behavior. In both American and Asiatic sectors the maximum rate
of ducted-echo ionograms occurred when the conjugate points on magnetic
field lines were the most asymmetric with respect to the earth-sun line.

3.2.8.5 Theory of MF Duct Formation

A theory of duct-formation mechanism must be consistent with the
observations described in Sections 3.2.8.3 and 3.2.8.4, particularly the
midnight peaking in the duct occurrence rate and its very strong L
dependence. To determine even more precisely the effects of local time
and L values, Muldrew (1980) conducted a further study based upon
200,000 Alouette 2 ionograms. From this study Muldrew concluded that
two mechanisms were involved in the formation of MF ducts. Ducts for

L > 1.2 were attributed to the mechanism proposed by Cole (1971),
according to which ducts are produced by magnetospheric currents flowing
from the dynamo region in one hemisphere of the earth to the dynamo
region in the other hemisphere. The ducts for L > 1.2, however, seemed to
be associated with the formation of ionospheric bubbles, and appeared to be

63



embedded in such bubbles. The observed lunar effects (see Section 3.2.8.4)
led Sharma and Muldrew (1975) to conclude that the lunar semimonthly
oscillations could be caused by electric fields induced in the dynamo region
by lunar tides. The mismatch of conjugate ionospheric potentials, which is
assumed in Cole's theory, is also consistent with the observed longitudinal
effects discussed in Section 3.2.8.4.

3.2.9 Topside Sounder Resonances
3.2.9.1 Introduction

The study of topside sounder resonances is another area that has benefited
substantially from the greatly expanded low-frequency scale of the Alouette 2
ionograms. The principal resonances (fy. fr» nfy) that were discussed in
connection with the Alouette 1 sounder were investigated further using the
improved Alouette 2 ionograms. More importantly, the Alouette 2 data led
to the discovery of many new resonance phenomena such as the Bernstein
resonances (fg series), the diffuse resonances (f,series), the floating spikes,

and the resonance echoes.
3.2.9.2 The Principal Resonances

Benson (1971) used Alouette 2 data to provide experimental support for
McAfee's oblique echo model of the f, resonance (see Sections 2.2.3.2 to

2.2.3.4). McAfee (1970) predicted from his model that the duration of the
fy resonances should be much shorter for fy < fy than for fy > f,;. Benson

(1971) found that the duration of fy resonances on Alouette 2 ionograms was

in full agreement with McAfee's predictions. Benson (1971) also showed
that the Alouette 2 fy resonances exhibited a rippled structure for fy > fy

but not for fy < f,. However, when fy was less than fy, the fy resonance
exhibited a clear Fourier spectrum which was not the case for f,> f;.

These two additional observations were also what would be expected from
McAfee's model.

Benson (1970a) had detected a very slight shift in the frequency of the nf,

resonances on the Alouette 1 data. The effect was barely noticeable on the
Alouette 1 data, but on Alouette 2 ionograms greatly improved observations
could be anticipated. From an initial study of the Alouette 2 data, Benson
(1969) concluded that the frequency shifts seen on the Alouette 1 data were
due to magnetic contamination by the steel antenna used on Alouette 1. The
shifts observed on Alouette 1 were not observed on Alouette 2 where a
nonmagnetic beryllium copper antenna had been used. A fairly large shift of
about 1 percent, noted near f;; and 2f, on Alouette 2 (Benson, 1969), was

found to be instrumental (Benson, 1972b). After making allowance for this
instrumental effect, a small residual shift was identified for the 2f,

resonance and attributed to plasma-wave dispersion effects (Benson, 1972b).
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Muldrew (1972b) used Alouette 2 observations to show that the resonance at
3fy can be explained by an oblique-wave mechanism similar to that used by

McAfee to explain the fy and f; resonances (See sections 2.2.3.1 to 2.2.3.5).
The nfy resonances observed at n = 2, 3, 4 and 5 with a rocket-borne

sounder were also explained by the same oblique-wave mechanism (Bitoun
et al., 1975).

3.2.9.3 The Bernstein Resonances (fQ series)

The analysis of the o, x, and z traces on ionograms (see Sections 1.2.4.1 to
1.2.4.3) is based upon the theory of wave propagation in a cold ionospheric
plasma; i.e., in a plasma where the thermal motions of electrons are
neglected. The electron temperature was taken into consideration (hot
plasma theory) to explain the fy and f; resonances (see Sections 2.2.3.1 to

2.2.3.5). The theory of wave propagation in a hot plasma also predicts that
additional wave modes are possible near the harmonics of fy. These wave

modes have been investigated theoretically by Bernstein (1958), and they
are called the Bernstein modes. Dougherty and Monaghan (1966) predicted
that the Bernstein modes should produce resonances on topside ionograms.

The Bernstein resonances were first identified on Alouette 2 ionograms by
Warren and Hagg (1968). The frequencies at which the resonances
occurred were labeled an where

fy < fon < (n+1)fy and n22.

Warren and Hagg investigated the behavior of fy,. fo;. and f,, as a function of
Sn/fy They found that the frequency of f, increased monotonically with
Jn/fy within the range nfy; to (n+1)fy. They also showed that Jon was always
greater than f as predicted by theory. Muldrew (1972a) showed that the
Jon resonances were due to waves generated in the Bernstein modes and

having a group velocity nearly equal to the satellite velocity. The resonance
is produced by the component of this wave traveling in the direction of the
satellite velocity.

3.2.9.4 The Diffuse Resonances (f, series)

A diffuse resonance occurring at a frequency approximately equal to 3f,/2

was identified in Alouette 2 ionograms by Nelms and Lockwood (1967).
Nelms and Lockwood showed that the frequency of the diffuse resonance
could deviate from the value 3f,/2 by an amount several times greater than

the uncertainty of the measurements.

The frequency and occurrence of this diffuse resonance on Alouette 2
ionograms were investigated in considerably more detail by Oya (1970) who
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showed that the diffuse resonance occurred when 1.8 < fy/fy < 3.7, and that
its frequency f, varies almost linearly with the parameter Jn/fy with

o 1.4f, when fy/fy

and f, = 1.8f; when fy/fy

1.8

3.7

Oya called this resonance f;,; because his study had also revealed three

additional series of diffuse resonances which he named the fpg, fpz and fps
resonances. These diffuse resonances satisfy the relationship

nfu < fon < (n+1)fy with n21

The relationship between fp, and the harmonics of fy is very similar to the
relationship given in Section 2.3.9.3 for fgn, except that we have n22 for Jon-
A more important difference, however, is the position of these resonances
with respect to fr. The Bernstein resonance fgn always occurs at a frequency
greater than fr, whereas fpn is always less than fr.

Oya (1971) explained the formation of the diffuse resonance fp; by a theory in
which the 2fy and the Bernstein fgs waves played an important role. Some of
the considerations underlying Oya's analysis were as follows: (1) the fp;
resonance corresponds to a frequency range where the warm plasma theory
predicts instability, (2) there is a simple relationship between fp1, fgs. and
2fy, namely 2fy = fga - fp1, (3) the resonances fp;, 2fu. and fgz are seen
simultaneously on mixed-mode ISIS 1 ionograms (i.e., a mode in which the
sounder was operated at a fixed 0.82-MHz frequency while the receiver
swept from 0.1 to 20 MHz), and (4) the theory must explain the long
duration of the diffuse resonances.

According to Oya (1971) the sounder pulse creates an expanding turbulent
region by increasing the electron energy mainly in the direction of the
geomagnetic field vector. The disturbance produces the diffuse wave fp;
which can be returned to the sounder with relatively little attenuation
provided fp; propagates perpendicular to the magnetic field vector. Thus in
Oya's model the observed diffuse resonance is generated in the portion of
the turbulent region that propagated away from the sounder in a direction
perpendicular to the magnetic field vector. The turbulence created by the
sounder pulse, however, cannot last long enough to explain the duration of
the diffuse resonance. To maintain the turbulence, Oya invoked a
mechanism whereby fgs (also present in the disturbance) interacts with fp;
to produce the beat frequency 2fy (according to the relation 2fy = fgs - fp1).
The 2fy wave maintains the turbulence and the fp; wave can continue to be

generated. The work of Oya (1971) assumed T./T 25 where T. is the

temperature corresponding to electron motion normal to the magnetic field
vector and T is the temperature corresponding to electron motion parallel
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to the magnetic field vector. Benson (1974a) published nfy resonance data
from ISIS 1 showing that T./T | values greater than 5 could indeed exist.

Benson (1974b) suggested that the 2fy wave (which is required in Oya's
theory) is not created in the turbulent region, but present with sufficient
energy in the sidebands of the transmitted rectangular pulse. Kiwamoto and
Benson (1979) presented both theoretical arguments and experimental
evidence showing further need for modifying Oya's theory. They pointed out
that (1) the 2fy wave cannot grow in the disturbance at the expense of the
Jos and fp) waves, (2) the relationship 2fy = fgs - fp1 is only approximate, and
(3) the presence of the 2fy, fys and fp) resonances on mixed-mode
ionograms is no more significant than the presence of other resonances that
are also seen in the mixed mode of operation. In the model developed by
Kiwamoto and Benson, the sounder-stimulated 2fy wave is the energy
source for sustaining the fp; wave, and the fo3 wave is not involved in the
theory. It is seen from the above discussion that the generation of the fp)
resonance involves a process that is quite different from the oblique echo or
the velocity-matching mechanisms described in earlier sections.

3.2.9.5 Other Electron Plasma Resonances

Barry et al. (1967) suggested that some of the secondary resonances seen
below fy on the Alouette 2 ionograms were due to stimulated magnetic-
dipole radiations from atmospheric constituents near the spacecraft.
However, Barrington and Hartz (1968) showed that a significant number of
these secondary resonances coincide with beats between the principal
resonances (fy, fn, and f7). Barrington and Hartz therefore suggested that
the secondary resonances could be explained by the beat mechanism
involving the stimulation of the principal resonances in the medium by the
harmonics of the transmitter pulse.

A resonance, called the floating spike because it does not begin at zero
range, was discovered in the Alouette 2 data by Hagg and Muldrew (1970).
They observed that the floating spike occurs when the operating frequency

= —fT_ =fn-Ju
2

and they suggested that the second harmonic of f stimulates the fr
resonance, which in turn couples energy into the fy and fy resonances. The
Jv and fu resonances interact producing a beat frequency signal at the
frequency fy - fg which is detected after a short delay as a floating spike.

Ionograms exhibit occasionally (between fy and fy) a succession of short
echoes separated approximately by the time t taken by the z-wave to
propagate from the satellite to the z-wave reflection level and back. The
display of these echoes on an ionogram resembles a string of beads. These
echoes have been investigated by Muldrew and Hagg (1970) who called
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them "ionospheric-resonance echoes." The explanation given by Muldrew
and Hagg invokes a resonance mechanism produced in an ionospheric
irregularity near the satellite by two pulses (a direct and reflected one)
having a time separation ¢t.

3.2.9.6 Electron Temperatures from Resonance Data

The explanations for the plasma, upper-hybrid, gyroharmonic (n22) and
diffuse resonances are all based upon the theory of wave propagation in a
warm plasma. These resonances have properties such as duration or
amplitude modulation that are dependent upon the ambient electron
temperature (To). Consequently, Te information can be derived from these
properties.

Feldstein and Graff {1972) have derived electron temperatures from the
amplitude modulation observed on fy and fr resonances. Daytime and
nighttime Alouette 2 data were used for this study. Since very reasonable
values of T, were obtained, these measurements can be viewed as providing
further support for the oblique-wave theory of the fy and fr resonances.

Oya and Benson (1972) have derived electron temperatures from fp;
resonance data on Alouette 2 ionograms. The property of the fp; resonance
used for these measurements is the splitting of fp; due to a Doppler effect
caused by the satellite motion. Oya and Benson compared their measure-
ments with T. data obtained from the Alouette 2 electrostatic probe and
found that the T, values derived from the probe data were typically 50
percent greater than the T, values measured from the fp; resonance. The
discrepancy was attributed to a departure of the electron motions from a
Maxwellian distribution. This idea was explored further by Benson and
Hoegy (1973), who computed the two-temperature plasma model that would
be required to explain the discrepancy. They pointed out that the model (a
superposition of two Maxwellian distributions) was difficult to reconcile with
the current understanding of ionospheric plasmas. An additional study of
the same problem (Benson, 1973) indicated that the discrepancy between
the electrostatic probe and the fp) resonance data seemed to be latitude
dependent. Benson (1973) also considered the possibility that the
discrepancy was due to a difference between electron temperatures
corresponding respectively to motion parallel and perpendicular to the
geomagnetic field. The required parallel vs. perpendicular anisotropy again
appeared to be excessively large. The discrepancy has not yet been
explained.

A third technique for deriving T, from topside resonances was developed by
Benson and Bitoun (1979). This technique is based upon the duration of the
3fy resonance. (The 4fy resonance could also be used for this purpose, but
the 3fy resonance is preferable because it has a longer time duration). The
basic measurement required by the technique; i.e., the determination of a
time duration, is easily performed. The derivation of electron temperatures
from this measurement, however, requires an accurate knowledge of the

sounder antenna orientation.
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3.2.9.7 Proton Gyrofrequency Effects

Proton gyrofrequency effects were first detected on the Alouette 1
ionograms as spurs on the fy resonance (see Section 1.2.9.5). Matuura and
Nishizaki (1969) observed on Alouette 2 ionograms short-duration echoes at
multiples of the proton cyclotron gyration period tp- These echoes occurred

primarily between fy and fy and they were not attached to any electron
resonance. An extensive survey of the occurrence of both proton spurs and
proton echoes was conducted by Horita (1974) using ionograms from 60
Alouette 2, ISIS 1, and ISIS 2 passes. Although based partly upon ISIS 1 and
ISIS 2 data, Horita's study is given here under the Alouette 2 overview in
order to summarize in chronological order the studies of proton
gyrofrequency effects. The frequency ranges f of proton spurs and proton
echoes were normalized to fy and displayed as plots of f/fy versus fn/fy. All
the spurs studied by Horita were attached to the fy resonance.

Benson (1975) found that the spurs can also be attached to the harmonics of
nfg(n =2, 3, 4, ... ) of the electron gyrofrequency resonance, and
occasionally to the resonance at the upper-hybrid frequency fr. The spurs
on the fy resonance are very large when fy overlaps with an nfy resonance.
Benson showed that proton spurs are observed on nfy when the sounder can
excite an unstable condition in the ambient plasma. The instability is caused
by an anisotropic distribution of electron velocities. The observations
suggest that coherent ion oscillations become possible when this unstable
condition exists.

Oya (1978) determined the occurrence characteristics of unattached proton
cyclotron echoes from a study based upon 800 Alouette 2 ionograms
containing such echoes. He found that these echoes occurred only at
magnetic dipole latitudes less than 25 deg. Oya suggested that the proton
resonance echoes were due to a bunching of protons produced in the
vicinity of the sounder antenna by the large negative excursions of the
antenna potential. This bunching is repeated at the proton cyclotron period.
In Oya's theory the echo-generating mechanism depends critically on the
antenna orientation with respect to the geomagnetic field, and it requires
that the satellite velocity be nearly parallel to the geomagnetic field. Oya's
theoretical explanation was consistent with all the experimental evidence
concerning unattached proton cyclotron echoes.

3.3 The Alouette 2 VLF Experiment
3.3.1 Introduction

As indicated in Section 1.3.1 the various VLF phenomena seen on the
ground have also been observed in satellite VLF experiments. The use of the
VLF data obtained from these two sources of observation has, however, been
entirely different. The ground-based data have been used to establish the
origin of VLF signals, to study their propagation characteristics and to
calculate electron densities near the plasmapause. The phenomena of
interest in the satellite data were primarily the phenomena that are not



seen in ground-based data, such as ion whistlers, LHR noise and ELF noise.
The satellite VLF data, however, have yielded very little information on
electron density because of the uncertainty concerning the propagation
paths.

New information was obtained and new discoveries were made with the
Alouette 2 VLF experiment because of the greater altitude range of

Alouette 2 (compared with that of Alouette 1) and also because of
improvements made to the VLF receiver on Alouette 2. The range of this
receiver was extended downward to 50 Hz and upward to 30 kHz
(compared to the 400-Hz to 10-kHz range of the Alouette 1 VLF experi-
ment). The range of the Alouette 2 experiment included the following ITU
bands:15 ELF (30 to 300 Hz), VF (voice frequencies, 300 to 3000 Hz), and
VLF (3 to 30 kHz). However, most investigators studying radio emissions in
the 30-Hz to 30-kHz frequency range do not split up this range into the
three ITU bands. Instead, they include the lower portion of the VF band in
the ELF band, and the upper portion of the VF band is included in the VLF
band. The dividing line between ELF and VLF emissions is not sharply
defined, but it is usually between 1 and 2 kHz. In certain contexts (such as
the Alouette 2 VLF experiment), the term VLF includes the three ITU bands
from 30 Hz to 30 kHz.

Whistler-mode noise emissions were also studied in the LF band

(30 to 300 kHz) at a fixed frequency of 200 kHz. In this case the data were
provided by the AGC voltage of the Alouette 2 sounder receiver, since this
receiver swept from 0.1 to 15 MHz (see Section 3.4.4).

3.3.2 Ion Whistlers

The first ion whistler ever observed was a proton whistler discovered in the
Alouette 1 VLF data. As indicated in Section 1.3.3 a proton whistler is a
slowly rising tone that approaches asymptotically the ambient proton
gyrofrequency. This frequency varied from 300 to 600 Hz at the Alouette 1
orbit. Since the low-frequency cutoff of the VLF receiver on Alouette 1 was
400 Hz, proton whistlers were observed only at high latitudes and usually
only over the upper portion of their frequency range. In view of the
importance of proton whistlers and of the possibility of detecting helium
whistlers, the frequency range of the VLF receiver on Alouette 2 was
lowered to 50 Hz. The extended low-frequency response of the Alouette 2
experiment has resulted in greatly improved proton whistler data, and it has
led to the first observations of helium whistlers (Barrington et al., 1966).
Proton whistlers were observed primarily at night at all geomagnetic
latitudes less than about 65 deg and at altitudes from 500 to 3000 km, the
height range of the Alouette 2 satellite. Helium whistlers were detected

15 The ITU bands have been defined by the International
Telecommunication Union Radio Regulations, Article 2, Section II,
Geneva, 1959.
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under similar conditions but at altitudes less than 2000 km, probably
because of the low concentration of helium ions above this height. The
occurrence of helium whistlers was found to be less frequent than that of
proton whistlers (McEwen and Barrington, 1968).

The crossover frequency between proton whistlers and their triggering
fractional-hop whistlers yields a measurement of the local proton density
(see Section 1.3.3). In a similar manner the local helium concentration can
be derived from helium whistlers. An extensive study of hydrogen and
helium whistlers was conducted by McEwen and Barrington (1968), using
all the Alouette 2 VLF data recorded at the Ottawa telemetry station during
1966. Approximately one-fourth of the satellite passes yielded ion whistlers.
From the available ion whistler data, over 575 proton whistlers were
analyzed, yielding data for the full altitude range of the satellite and for
invariant latitudes between 67 deg and 35 deg North. Helium whistlers
were found for 61 of the above events but only at altitudes between 850 and
2100 km. The proton whistler data were used to determine the nighttime
proton concentration as a function of altitude for four invariant latitude
regions between 35 and 67 deg. The helium ion concentration was also
determined as a function of altitude, but the data were divided into two
latitude regions only.

Gurnett and Brice (1966) have derived a method for calculating the proton
temperature from the abrupt decrease in amplitude of the proton whistler
near its high-frequency cutoff. This method was first applied to VLF data
from Injun 3 and Alouette 1. Lucas and Brice (1971) showed that the
damping of the proton whistler is sensitive to irregularities in proton
density. Taking this effect into consideration for an Alouette 2 proton
whistler yielded a proton temperature greater by a factor of 2.

3.3.3 Whistler-Mode Noise Emissions
3.3.3.1 Introduction

Radio noise emissions in the ELF and VLF bands provide information
concerning processes occurring in the ionosphere and the magnetosphere.
The most intense and most frequent noise emission occurs at frequencies
less than 1 kHz. It is called ELF noise (see comments in Section 3.3.1), and
it has a bandwidth typically less than 500 Hz. Yet this noise is so strong that
it can control the AGC level of the VLF receiver more than 50 percent of the
time. This is remarkable since the ELF noise corresponds to less than 2
percent of the receiver bandwidth.

3.3.3.2 ELF Emissions
Holtet and Egeland (1969) have studied auroral ELF emissions observed
simultaneously on the ground and by Alouette 2 in the frequency range 500

to 1000 Hz (called the 700-Hz band). The emission in the 700-Hz band was
found surprisingly similar on the ground and at the satellite altitude
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(2000 km), suggesting that the 700-Hz band must be generated above the
ionosphere.

Harvey (1969) made a detailed analysis of the frequency spectrum of ELF
noise recorded by the Alouette 2 receiver. He found that in many cases the
ELF noise exhibited a sharply defined lower frequency cutoff, and whenever
such a cutoff existed it occurred very close to the proton gyrofrequency.
Occasionally another cutoff was observed at the second harmonic of the
proton gyrofrequency. This study led Harvey (1969) to conclude that the
ELF noise was due to electrostatic proton cyclotron harmonic waves.

The distribution of ELF noise as a function of invariant latitude and local
mean time was investigated by Barrington et al. (1971). The Alouette 2 data
showed that ELF noise occurred primarily during daylight hours and that its
peak occurrence was centered roughly at local noon and at 50 deg invariant
latitude. Barrington and Palmer (1972) compared the ELF noise distribution
derived from the Alouette 2 data with ELF distributions derived from Injun 3
and OGO 3 data. Since the data obtained with the electric dipole on
Alouette 2 yielded basically the same distribution as that obtained from
studies made using magnetic loop antennas on Injun 3 and OGO 3,
Barrington and Palmer concluded that the ELF noise was electromagnetic in
nature.

Horita et al. (1975) showed that the Alouette 2 ELF emissions exhibited
their maximum intensity over a region having a width of only a few degrees
in latitude. The lower latitude termination of this region of maximum
intensity was found to be very abrupt and to occur most frequently (for
nighttime data) near the inner boundary of the plasma sheet.

3.3.3.3 VLF Emissions

The noise emission in the VLF range as a function of invariant latitude and
local mean time was investigated by Barrington et al. (1971). They found
that the VLF noise also exhibited a maximum intensity near noon. The
center of the region of the most intense VLF noise was at 77 deg invariant
latitude. This VLF noise was typically hiss, and it had a lower frequency
cutoff at the LHR frequency of the ambient plasma (see Section 1.3.2).

3.3.4 Non-Guided Whistlers

As indicated in Section 1.3.1, evidence for non-guided (NG} whistlers was
found in the Alouette 1 data. Similar evidence was observed in the OGO 2
and 4 data by Walter and Angerami (1969). A comprehensive study of NG
whistlers based upon Alouette 2 data was conducted by Charcosset et al.
(1973). The NG whistlers were observed for L < 2.5 at altitudes between
1000 and 1800 km. Non-guided whistlers exhibited a very unusual evolution
in their spectral characteristics as a function of latitude. In a typical
example shown by Charcosset et al., an NG whistler appeared initially near

L = 5 as a fish-hook-shaped trace having its lower frequency cutoff near

11 kHz: i.e., at the lower electron hybrid frequency for the particular
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location and time. Beginning at latitude L between 2 and 1.8, a separate low-
frequency component appeared below the high-frequency hook trace. The
low-frequency trace had a frequency dispersion corresponding to a guided
whistler. The high- and low-frequency components merged gradually and

became a single whistler at L<1.6. A theory explaining all the observed
features of NG whistlers was developed by Charcosset et al.

3.3.5 Rendezvous Experiments

A rocket VLF experiment was conducted from Fort Churchill, Canada, during
a northbound pass of the Alouette 2 satellite (Barrington, 1969). The main
objectives of the simultaneous measurements were (1) to compare VLF data
from the two sources of observations and (2) to attempt the artificial
stimulation and reception of VLF signals. Natural LHR noise was observed in
both the Alouette 2 and rocket data. The low-frequency cutoff of the LHR
noise as a function of time was consistent with the vertical trajectory for the
rocket data. Specifically, the ion density derived from the LHR cutoff of the
rocket was consistent with the vertical electron-density profile derived from
the Alouette 2 topside ionograms. For the satellite data the LHR noise was
consistent with the ambient conditions at the Alouette 2 altitude of about
800 km. The artificial stimulation and reception of VLF signals was
undertaken in an attempt to overcome the major limitation of VLF experi-
ments, namely the sporadic nature of VLF data. The value of LHR data, for
example, would be enhanced considerably if LHR noise could be produced
on request. The VLF stimulation experiment used a combination of high-
voltage short-duration dc pulses and of 0- to 15-kHz swept-frequency
impulses. Many, but not all, of the stimulating signals were followed by LHR
noise. Thus the experiment was only partially successful.

Another rocket VLF experiment was conducted from Andoya, Northern
Norway, during a Polar Cap Absorption (PCA) event and the results were
compared to the closest available Alouette 2 data and ground-based data
(Holtet et al., 1971). A high degree of correlation was found between the
noise emissions observed at the satellite altitude of 1800 km and the
emissions seen by the rocket experiment (the peak altitude was 216 km).
The poor agreement with the ground-based data was explained by the strong
PCA layer absorption (or upward reflection) of the noise emissions. There
was a high degree of correspondence, however, between the ground, rocket
and satellite data for the discrete ELF emissions seen in the 500- to 1500-Hz
band. It was suggested that these ELF emissions had experienced relatively
little attenuation because of strong guidance along geomagnetic field lines.

3.4 The Alouette 2 Cosmic Noise Experiment
3.4.1 Introduction

Since the AGC voltage of the sounder receiver provided the cosmic noise

data, the improvements made to the Alouette 2 topside sounder experiment

have resulted in corresponding improvements for the Alouette 2 cosmic

noise experiment. Specifically, the extended low-frequency response of the
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Alouette 2 receiver and the higher altitudes achieved by the Alouette 2
spacecraft have made it possible to obtain cosmic noise data at frequencies
down to 0.6 MHz. By comparison the Alouette 1 receiver could not provide
useful cosmic noise data at frequencies less than 1.5 MHz. The lower limit
for cosmic noise measurements is approximately at the frequency fr. The
Alouette 1 data had provided evidence of unexpected high noise levels at
frequencies below fr but a systematic study of this noise could not be
undertaken because of equipment limitation. The improved low-frequency
response, selectivity, and resolution of the Alouette 2 sounder receiver have
made it possible to investigate the noise at frequencies below fr.

3.4.2 Galactic Noise

Data for galactic noise studies were obtained when the zenith of the
Alouette 2 spacecraft was close to the North Galactic Pole (Hartz, 1969b).
The previously known galactic noise spectrum (galactic brightness
temperature versus frequency) was extended to include data in the
frequency interval 0.6 to 1.5 MHz. Additional data points were also obtained
in the frequency interval 4 to 12 MHz.

3.4.3 Solar Noise

Hartz (1969a) used Alouette 2 data to study type III solar bursts (see Section
1.4.3). He found that the bursts at hectometer wavelengths {0.6 MHz to 3.0
MHz) were quite similar to the higher frequency bursts at decametric and
metric wavelengths, except that the burst duration was increased at the
lower frequency. The electron temperatures in the coronal streamers
where the bursts are assumed to originate were deduced from the burst
decay rates. The calculated temperatures for the plasma within coronal
streamers were found to be substantially lower than those of the background
corona at similar distances from the sun. These findings together with the
drift rate of the bursts led to an electron-density model for the coronal
streamers one order of magnitude greater than those of the background
corona. The average source drift velocity was found to be about 0.35¢, in
substantial agreement with results obtained from ground-based
measurements at metric and decametric wavelengths.

3.4.4 LF Emissions at 200 kHz

Hartz (1970) used data from the Alouette 2 cosmic noise experiment to
obtain the distribution of LF noise at 200 kHz. Two principal regions of
high-intensity noise were found. The first was centered at an invariant
latitude of about 78 deg, and it extended from noon until about 10 p.m. The
second was centered at an invariant latitude of 58 deg and extended through
most of the night hours. Each region had a width of about 5 deg in latitude.
A very pronounced minimum was found in the polar maximum region within
the ring of high-intensity emission. The overall pattern of the first region
followed that of the daytime auroral oval with a much suppressed nighttime
portion. This spatial distribution led Hartz to conclude that the 200-kHz
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emissions in the higher latitude region arose from Cerenkov radiation16
produced by fluxes of electrons having energies in the range 0.1 to 1.0 keV.

In a subsequent study, Hartz (1971) showed that the 200-kHz noise
measured on ISIS 1 showed excellent correlation with the electron data in
the 10-eV to 10-keV range from the ISIS 1 soft-particle spectrometer. This
observation provided additional support for the Cerenkov mechanism of
200-kHz noise generation. The correlation was also taken as justification for
interpreting the high-latitude 200-kHz noise data in terms of soft electron
flux and for revising the particle precipitation pattern of Hartz and Brice
(1967), described in Section 1.5.11. Hartz (1971) suggested that a third
zone (corresponding to the high-intensity region of the 200-kHz noise)
should be added to the two-zone pattern of Hartz and Brice.

3.5 The Alouette 2 Energetic Particle Experiment
3.5.1 Introduction

An energetic particle experiment, very similar to the one flown on
Alouette 1, was included in the Alouette 2 payload. The Alouette 2 version
consisted of several counters capable of detecting electrons with energies
above 35 keV, 250 keV and 3.9 MeV, and protons above 500 keV, in the
range 1 to 8 MeV, and above 100 MeV. Proton spectra could also be
measured in the range 100 to 600 MeV. Most detectors were directional.
With the Alouette 2 experiment it was possible to measure electron pitch-
angle distribution, a measurement that could not be made with Alouette 1.
Based on the publications resulting from this experiment, it would appear
that the most useful electron data were obtained with the 35-keV detector.
The published proton results, however, tend to be based upon the full
selection of proton detectors.

3.5.2 High-Latitude Boundary for E > 35 keV Outer-Zone Electrons
3.5.2.1 Introduction

McDiarmid and Burrows (1968) have shown that electrons with energies
above 35 keV are suitable tracers for identifying closed geomagnetic field
lines. The latitude at which the 35-keV flux falls to cosmic-ray background
gives approximately the high-latitude limit of closed field lines. This
boundary latitude, designated A, was investigated as a function of local
magnetic time (LMT), geomagnetic axis orientation (solar geomagnetic
codeclination angle ¢, the angle between the geomagnetic axis and the
earth-sun direction), and interplanetary magnetic field (IMF) direction.

16 In the Cerenkov radiation process, emissions are generated by
incoming electrons with velocities greater or comparable to phase
velocity of radiation in the medium.
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3.5.2.2 Boundary Latitude Ay, vs. Local Magnetic Time

McDiarmid and Burrows (1968) used 35-keV data from 300 Alouette 2
passes between December 1965 and July 1966 to determine the

dependence of Apon LMT. This study was later extended by McDiarmid and
Wilson (1968) using data from 450 Alouette 2 passes between December
1965 and October 1966. Only measurements taken when K, <4+ were used
in this study. A quasi-sinusoidal variation was obtained, having a minimum
near midnight with A, = 70 deg and a maximum near noon with Ay = 78
deg. Since the variation of Ay vs. LMT correlated well with the high-latitude

boundary of closed field lines versus LMT, it was concluded that A, was a
good indicator of this boundary.

3.5.2.3 Boundary Latitude A, vs. Geomagnetic Axis Orientation

McDiarmid and Wilson (1968) investigated also the variation of A, vs. the
geomagnetic axis orientation. Their investigation was based on the same
35-keV data that had been used for their A, vs. LMT study. It was found that
Aphad a minimum value when ¢ was 90 deg. For the extreme values of ¢
(60 deg or 120 deg) the value of A, was approximately 3 deg greater. These
results were interpreted as indicating that more geomagnetic flux was swept
back into the tail when ¢ = 90 deg than at any other time. McDiarmid and

Wilson (1968) showed that this behavior could not be explained by current
theories for the interaction between the solar wind and the magnetosphere.

3.5.2.4 Boundary Latitude A, vs. Interplanetary Magnetic Field

The 35-keV data from Alouette 2 were used by Hruska et al. (1972) to
investigate the variation of A, with the direction of the interplanetary

magnetic field (IMF). The study of Hruska et al. was based on 118 polar
passes of Alouette 2 observed in 1967 and 1968 during periods when IMF

data were available from Explorers 33 and 35. Only passes for K, < 2 were

used in this study. When the IMF had a southward component, the 35-keV
boundary was displaced poleward (with respect to its average position) in
the time interval 2000 to 1000 MLT, and it was displaced equatorward from
1000 to about 2000 MLT. The opposite variation was observed when the
IMF had a northward component.

3.5.2.5 Boundary Latitude Aj, and the Auroral Oval

Feldstein and Starkov (1970) compared the boundaries of the auroral oval to
the boundary of closed field lines given by A, as defined by the 35-keV data

from Alouette 2. The conclusion reached was that visual auroras are located
on the poleward side of the boundary of closed field lines.
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3.5.3 Outer Radiation Zone Morphology
3.5.3.1 Intensity of 35-keV Electrons During Magnetic Storms

McDiarmid et al. (1969a) made a study of outer zone electron intensities

(E > 35 keV) at times of magnetic storms. Because of its near-polar orbit,
Alouette 2 can provide data at the same invariant latitude at two local times
that differ by about 12 hours. Measurements that are nearly simultaneous
(within 20 to 30 minutes of each other) can be obtained when the above data
pair is on the same orbit. The purpose of the study was to determine how
well the two intensity measurements agreed. Any difference in the
intensity-versus-latitude profiles was expected to yield information about
acceleration mechanisms responsible for the outer-zone electrons. The 35-
keV data from Alouette 2 in the invariant latitude range 50-72 deg obtained
during 10 magnetic storms were used for this study. During the storms
agreement was found to be very poor for latitudes as low as 55 deg. It was
concluded from these observations that most of the storm-time acceleration
for E > 35-keV electrons takes place on the night and morning side of the
earth.

3.5.3.2 Intensity of 35-keV Electrons During Magnetically Quiet Conditions

McDiarmid et al. (1969b) used 35-keV data from Alouette 2 to conduct a
study of dawn-dusk asymmetries in the outer zone for magnetically quiet
conditions. The data acquisition techniques were identical with those
described in the previous paragraph (Section 3.5.3.1), except for the dawn-
dusk restriction on local time and the low magnetic activity criterion. For

L > 5.5 higher intensities were observed at dawn. The dawn-dusk difference
increased with L. At L = 7 the dawn intensities were 40 percent higher than
the dusk intensities. The results were used to place upper limits on the
potential drop across the magnetosphere. These limits were found to be
somewhat smaller than those implied by plasma convection models.

3.5.3.3 Location of Outer Zone Intensity Maximum

The outer radiation zone at altitudes less than a few thousand kilometers and
for electron energies greater than 40 keV exhibits an intensity maximum at
values of L between 3.5 and 6. Using data from Alouette 1, Alouette 2, and
other satellites, McDiarmid and Burrows (1967) showed that the value of L
corresponding to this intensity maximum was essentially independent of K

for E > 40 keV. For more energetic electrons (E > 250 keV, E > 1.5 MeV)
the L value increased from 3.5 to 4.7 over the period 1960 to 1966.

3.5.4 Solar Proton Profiles

McDiarmid and Wilson (1968) reported that the Alouette 2 particle data

occasionally revealed the presence of solar protons with energies in the

range 1 to 8 MeV. These solar protons appear in the data as a rise in

intensity above the normally very low polar-plateau values (at latitudes well

above the cutoff for trapped protons). The high-latitude cutoff for these
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solar protons occurred approximately at A, the cutoff for E > 35 keV

electrons. The flux of solar protons was found to extend to lower altitudes
well into the region of closed field lines. The interpretation was that solar
protons can diffuse across closed field lines and be temporarily trapped,
giving rise to a small increase in intensity above the background values.

A more detailed study of 1 to 8 MeV solar proton profiles based on data from
100 Alouette 2 passes was conducted by McDiarmid and Burrows (1969).
This study confirmed the preliminary results (discussed in the previous
paragraph); namely, that the high-latitude cutoff of solar protons matches
very well (on the average) the high-latitude cutoff for 35 keV outer-zone
electrons.

3.5.5 Solar Electron Profiles

Occasionally when 1 to 8 MeV solar protons were observed in the Alouette 2
data, it was also possible to detect solar electrons over the polar cap
(McDiarmid and Burrows, 1970). These solar electrons are revealed by a rise
in intensity over the normal polar-cap background values in the E > 35-keV
data. Since a similar rise was not seen in the E > 250-keV data, it was
concluded that the solar electrons had energies between 35 and 250 keV.
The latitude knee (low-latitude cutoff) for the solar electrons was found to be
5 to 8 deg above the knee for solar protons. The location of the solar electron
knee agreed approximately with the high-latitude limit of 1 to 8 MeV solar
protons which, as indicated in Section 3.5.4, is essentially the high-latitude
cutoff for 35-keV outer-zone electrons.

3.5.6 Latitude Cutoff of Solar Particles vs. Rigidity!”

The low-latitude cutoff (latitude knee) of solar particles can be calculated
theoretically if the particle energy and charge are known and if an accurate
model of the geomagnetic field is available. The results of such calculations
are usually given in terms of latitude versus rigidity. McDiarmid et al. (1971)
compared the Alouette 2 measurements of latitude knees to the best
theoretical results available at that time; namely, the cutoff rigidity
calculations of Smart et al. (1969). Fairly good agreement between mea-
surements and calculations was obtained for 114-MeV protons. The
measured knee latitudes for 33-MeV and 1-MeV protons were about 3 deg
lower than the calculated values. The calculations of Smart et al. did not
extend to sufficiently low rigidity values to permit a comparison with the
observed latitude knee for 35-keV electrons.

17 "Magnetic rigidity” or momentum-to-charge ratio is a measure of a
particle's ability to penetrate a magnetic field.
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3.5.7 Solar Particles and Closed Field Lines

McDiarmid et al. (1972) used knee-latitude data for 35-keV solar electrons
in an attempt to determine the dayside limit of closed geomagnetic field
lines. The data used were obtained during the period 1966-1969 by
Alouette 2 and during 1969 by ISIS 1. This investigation led McDiarmid et
al. to suggest (1) that the limit of closed field lines under magnetically quiet
conditions occurred at the position of the 35-keV solar electron knee
latitude (78 deg invariant), and (2) that solar electrons diffuse across closed
lines when the magnetic activity increases, causing the electron knee for
high K, values to be equatorward of the high-latitude limit of closed field

lines.
3.6 Cylindrical Probe/Sounder Compatibility Test

Although the Alouette 1 mission represents a major step forward in the
study of the topside ionosphere, a number of important parameters such as
plasma temperatures and ion composition were not measured
systematically!® with Alouette 1. One purpose of the ISIS X mission was to
extend the scope of the ionospheric studies made with Alouette 1 by
including the measurements of these additional ionospheric parameters.
The principal techniques available for measuring plasma temperatures and
composition involve the use of probes operating basically at or very close to
the surface of a spacecraft. When such techniques are used, precautions
must be taken to ensure that no serious errors are introduced in the mea-
surements by the spacecraft disturbance of the arnbient plasma.

On a spacecraft such as Alouette 2 a very severe disturbance would have been

produced by the V x B potential induced on the long sounder antennas
unless certain modifications had been made in the antenna design. The first

attempt to solve this V x B problem was made on Explorer 20 (see Jackson,
1986, Section 4.2) where capacitive coupling was used between the
antennas and the spacecraft. Although this was a step in the proper
direction, it did not prove to be sufficient. A further improvement was
attempted on Alouette 2 by adding a sheath guard on each sounder antenna.
However, there was no assurance prior to flight that the Alouette 2 antenna
design would solve the V x B problem. To ensure that the additional iono-
spheric parameters be measured accurately during the ISIS X mission a
second satellite, Explorer 31, was launched simultaneously with Alouette 2
and essentially in the same orbit. To help resolve the question of the
Alouette 2 compatibility with direct measurements, essentially identical
cylindrical probes were placed on both satellites (Findlay and Brace, 1969).
If compatibility had been achieved, the cylindrical probes on Alouette 2 and
on Explorer 31 should have yielded the same data when the two spacecraft
were in close proximity.

18 Some rough estimates of ion composition and temperature were
occasionally derived from LHR noise data (see Section 1.3.2.3).
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Although Alouette 2 and Explorer 31 drifted apart gradually, during the first
2 months after launch they were close enough to yield essentially
simultaneous observations. Only data taken during this early period of near-
proximity were used for the compatibility test (Brace and Findlay, 1969).
This test led to the identification of three problem areas; namely, (1) the
severe wake effects produced by the large sounder antennas, (2) the inter-
ference produced in the probe detection system by the sounder pulse and
(3) the sounder pulse disturbance of the local plasma. Wake effects were
avoided by rejecting data taken in the wake. The sounder interference
varied as a function of sounder frequency and plasma density from a
negligible level to a point where reduction of the data was impossible.
Fortunately, the Alouette 2 sounder provided a 4-second off period between
sounder sweeps. Cylindrical probe data taken during these 4-second off
periods (and away from the wake) were essentially undisturbed and best
suited for bulk analysis.

By careful selection of the data to avoid wake effects and sounder
interference, it was found that there was no inherent incompatibility
between the sounder experiment and direct measurement experiments.
The electron temperature Te and electron density Ne derived from the
cylindrical probes on Alouette 2 and Explorer 31 generally agreed within 10
percent. Differences up to 15 percent in Te and up to 40 percent in N
were observed on rare occasions. The compatibility test indicated that
direct experiments could be successfully combined with topside soundings
on future satellites, if intermittent sounder operation and spacecraft attitude
control are provided.

3.7 lonospheric Studies with Alouette 2 Cylindrical Probe

Based upon the results of the compatibility test (see Section 3.6) it was
concluded that reliable measurements could be made with the cylindrical
probe on Alouette 2.

Nighttime electron density and temperature were measured by Mahajan and
Brace (1969) at an altitude of 2500 * 500 km over a geomagnetic latitude

range of * 60 degrees. Results were obtained for May, August, and
December 1966 and March 1967 yielding essentially the seasonal variation.
The electron density exhibited a pair of maxima at 30 degrees north and
south with values ranging from 4x10% cm™ in the fall to 8x10% cm™ in the
local summer. The electron temperature was found to exhibit a broad
minimum of about 1800 K at low latitudes, and to increase rapidly at

midlatitudes reaching values in excess of 3000 K at * 60 degrees. No
definite seasonal variation was observed in electron temperature. The
cylindrical probes employed on Alouette 2 were identical to those used on
several earlier satellites, including Explorer 22. Comparisons of Alouette 2
measurements with nearly simultaneous measurements made with
Explorer 22 during the summer of 1966 revealed positive temperature
gradients along field lines. Typical gradients at 1000 km were 0.6 K km!
on the 35-deg field line and 1.2 K km™! on the 50-deg field line.
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The cylindrical probe on Alouette 2 was also used to measure small-scale
electron-density irregularities in the topside ionosphere (Dyson, 1969).
These irregularities are detected in cylindrical probe data as distortions in
the current versus voltage curves. The resolution which depends upon the
irregularity thickness and amplitude was typically 1 km for amplitudes
greater than 10 percent and 5 km for amplitudes greater than 50 percent.
The minimum resolution was 0.2 km for irregularity amplitudes greater than
5 percent. The maximum irregularity thickness that could be resoclved was
about 10 km and the amplitude of this irregularity had to be 100 percent.
Thus the probe was best suited for the measurement of irregularities
ranging in thickness from a few kilometers down to a few tenths of a
kilometer. Irregularities of this size (referred to as fine structure) were
observed primarily in the auroral and polar regions. Comparisons of the
probe data with Alouette 2 ionograms obtained simultaneously showed that
spread F occurred at the height of the satellite whenever fine structure was
observed. However, particularly at midlatitudes spread F often occurred at
the satellite when the probe did not detect fine structure. Dyson (1969)
concluded that in such cases the irregularities had amplitudes less than 5
percent and thicknesses less than 0.5 km. This conclusion was based upon
calculations of reflection coefficients as a function of frequency for a
parabolic model of the electron. concentration variation in field-aligned
irregularities. Dyson (1969) concluded also from his study of irregularities
that different irregularity production mechanisms must operate at different
latitudes.

Dyson (1971) compared the relative sensitivities of electrostatic probe,
sounder and scintillation techniques for the detection of electron-density
irregularities at midlatitudes. The data used were obtained over Australia
during March and April 1967 at times when the orbital planes of Alouette 2
and Explorer 22 were very closely aligned and when nearly simultaneous
data were available from these two spacecraft. Cylindrical probe and
sounder data were available from Alouette 2, scintillation data were available
from the Beacon experiment on Explorer 22, and ground-based soundings
were available from a network of six Australian ionosonde stations. The
resulting comparisons led to the conclusion that topside sounding was the
most sensitive technique for detecting midlatitude irregularities, followed by
scintillation, bottomside sounding and electrostatic probe.
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4. EXPLORER 31 RESULTS
4.1 Introduction (General Objectives)

The Explorer 31 spacecraft had both technological and scientific objectives.
The main technological objective was to provide data that would show
whether or not the Alouette 2 spacecraft design was or could be made
compatible with direct local measurements. Secondary objectives were to
check the accuracy of various direct measurement techniques and in some
cases to calibrate direct measurement instruments. The scientific
objectives were to measure simultaneously the densities and temperatures of
the most important ionospheric constituents. The Explorer 31
instrumentation made it possible for the first time to carry out such mea-
surements with a high degree of accuracy. A number of geophysical studies
and discoveries resulted from this new capability. The scientific results
attributable to the Explorer 31 experiments include the worldwide
distribution of electron and ion temperatures, the worldwide concentrations
of the various ionic constituents, the first experimental observation of the
polar wind, new information on ionospheric irregularities, a better under-
standing of conjugate point phenomena, a comprehensive and definitive
investigation of spacecraft wake effects, the first measurement of
suprathermal particles, and new insights concerning the applicability of the
diffusive equilibrium theory.

4.2 Summary of Explorer 31 Experiments

The Explorer 31 spacecraft contained seven experiments designed to
measure ambient electron density N, electron temperature Te, ion density
N, ion temperature T;, ion composition and energetic electrons in the
range 5 eV to 200 eV. Since each parameter was measured by at least two
experiments and since many experiments had two or more similar names, it
is sometimes difficult to identify the Explorer 31 experiment(s) associated
with a given publication.

In view of the redundancy of measurements and the multiplicity of names
for the Explorer 31 experiments, these experiments have been summarized
in Table 1. The table is ordered according to the project name; i.e., the
prelaunch designations. Since there were two Langmuir probes on

Explorer 31 these were called C, and C,. The B,, B,, By instruments were
initially part of a "B" package that became separate experiments: B, for
thermal electrons, B, for suprathermal electrons (Analog data) and B for
suprathermal electrons (Digital data). Detailed descriptions and typical
results have been given by Donley (1969) for experiments A and B;, by Maier
(1969) for experiments B, and B, by Findlay and Brace (1969) for experi-
ments C, and C,, by Hoffman (1969) for experiment D, and by Wrenn (1969)
for experiments E and F. Analysis and calibration techniques are also

discussed in the above references. Additional information on analysis
techniques can be found in Moss and Hyman (1968) for experiments A and
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PROJECT
NAME

EXPERIMENT NAME (PI)
(ALTERNATE NAMES)

MEASURED PARAMETERS

Thermal Ion Probe (Donley)
(Thermal Ion Trap; Planar Ion
Trap; Thermal Ion Retarding
Potential Analyzer)

ION ENERGETIC
T_|N. [T, | MASS ELECTRONS

X |X | Low > 15eV

Res.

Thermal Electron Probe (Donley)
(Thermal Electron Trap; Planar
Electron Trap; Thermal Electron
Retarding Potential Analyzer)

X >5eV

A’D

Energetic Electron Current
Monitor (Maier)

(Energetic Electron Sensor,
Total Current Monitor;
Planar Retarding Potential
Analyzer)

2-200 eV

Cylindrical Electrostatic Probes
(Brace)
(Electrostatic Probes)

Magnetic Ion Mass Spectrometer
(Hoffman)

{High Resolution Ion

Mass Spectrometer)

X High
Res.

Electron Temperature Probe
(Willmore)

(UK Electron Temperature
Probe;Electron Energy Probe;
Langmuir Plate; Langmuir Probe;
Planar Disk Langmuir Probe;
Planar Probe; Electron Sensor)

Spherical Ion Mass Spectrometer
(Willmore)
(Spherical Ion Probe)

X IX | Low
Res.

Table 1
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B,. in Brace et al. (1971) for experiment C,-C,, and in Bowen et al. (1964)
for experiments E and F.

All the Explorer 31 experiments performed well in orbit except experiment
Bp which was damaged just prior to launch by very severe rainstorms. Some

useful data were nevertheless from experiment By, although it had lost

several decades of sensitivity as a result of the excessive moisture.
Explorer 31 yielded data for 3-1/2 years. On July 1, 1969, its data
acquisition was terminated with five of the seven experiments still
operational.

The redundancy of Explorer 31 experiments has led to a corresponding
redundancy in the investigations performed with these experiments. For
example, most of the Explorer 31 experiments were affected by the
spacecraft wake and were therefore able to provide data on this topic. In
such cases a more coherent presentation can be achieved by giving the
results by topics rather than by experiments. There are, however, many
cases in which results are uniquely associated with specific experiments.
For consistency, the Explorer 31 results are presented by topic throughout.
The experiments that have contributed to the results given under each
section are indicated after the section title using the preflight designations.

4.3 Thermal Plasma Data from Explorer 31

Although direct measurement techniques had been used prior to the ISIS X
mission, the absolute accuracy of such techniques had not been previously
established. The ISIS X mission provided, for the first time, the opportunity
to compare the measurements of various ionospheric parameters made
simultaneously by many different techniques. During the first two months
after launch the electron density and equivalently the ion density measure-
ments on Explorer 31 could be checked also against the extremely accurate
local electron densities provided by the topside sounder. As a result of such
comparisons, it became possible, for example, to derive total ion
concentration from the magnetic ion mass spectrometer, an instrument
which otherwise would have yielded only relative concentrations. Since the
spectrometer response was different for the various ion species, the
calibration as a function of ion concentration was done in regions of nearly

pure HY and also in regions of nearly pure Ot (Hoffman, 1969). A similar
calibration procedure was used in order to derive absolute concentrations
from experiment F (Wrenn and Smith, 1969).

For the purpose of data intercomparison, a number of satellite passes were
selected that occurred during the first two months in orbit (i.e., when
Alouette 2 and Explorer 31 were in close proximity) at times when all ex-
periments were operating and good aspect data were available (Donley et al.,
1969). A wide variety of geographic locations and altitudes were included, but
regions of rapidly varying ionospheric conditions were avoided. The plasma
density measurements obtained by experiments A, B1.C1-Co. Dand F
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agreed with the sounder density values of N, to within 20 percent for

N, > 10% cm™3. A slightly greater spread in results was obtained in the range
2x10% < N, < 10* cm™3. No data were given for densities less than 2x10% em3.
The electron temperature values obtained by experiments B, C,-C,, and E

agreed within 10 percent on one pass and within 20 percent on other passes.
The ion temperature from experiment A was consistently 500 to 1000 K
higher than the values measured from experiment F. Both experiments (A
and F) yielded ion temperatures considerably below the corresponding
electron temperatures. Experiments A and F through retarding potential
techniques served also as low-resolution spectrometers. Within this
limitation the ion composition data from experiments A and F were
consistent with the results of the high-resolution ion mass spectrometer
(Experiment D). Experiment E (which was very similar to the successful
experiment B)) yielded electron density values that were too low by a factor

of 2 to 5. The swept surface area of the sensor used for experiment B, was

55 cm? compared to a swept surface area of 12 cm? for experiment E,
suggesting that the satellite sheath was not adequately penetrated in the case
of the smaller area.

These intercomparisons indicated that there was no significant systematic
disagreement between probes in the measurement of plasma density,
electron temperature, and ion composition that could not be recognized as
arising from sensitivity or other limiting considerations. One important
conclusion was that correct plasma diagnostics could be achieved with flush
sensors operating within the satellite ion sheath. The general agreement
achieved indicated that large magnetic field orientation effects were not
present. However, a small geomagnetic field effect upon the cylindrical
probe data was detected at altitudes greater than 1000 km. This effect was
investigated by Miller (1972) and found to be minimized when the probe
axis was within 20 degrees from the geomagnetic field orientation.

4.4 Topside Morphology (Experiments A, B}, and D)

Since direct measurement experiments yield data at the spacecraft only, the
data corresponding to an eccentric orbit (such as that of Explorer 31)
exhibit simultaneous altitude and latitude effects. Various techniques have
been used to separate these effects in the Explorer 31 data: (1) the altitude
variation could be minimized by making measurements near apogee (3000
km) or near perigee (500 km) which are locations where the altitude varies
slowly as a function of latitude; (2) conversely, altitude effects could be made
to dominate over the latitude effects at places along the orbit that were
halfway between apogee and perigee: (3) altitude variations could also be
obtained at a given latitude by taking advantage of the gradual rotation of the
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line of apsides.!9 This rotation causes the spacecraft to cross a given
latitude at slightly different heights on successive days. This technique
yields the most rapid daily height variation at locations halfway between
apogee and perigee.

Goel et al. (1976) used a combination of techniques (2) and (3) to obtain
vertical profiles of ion composition (Experiment A) and of plasma
temperatures (Experiments A and B,). The altitude variations were

determined for daytime conditions at both low and middle latitudes. These
results were obtained with September-October 1967 data during a period of
medium solar activity and in the altitude range 700 to 2000 km. The

transition heights where O and H' densities are equal were found to be
about 1600 and 1300 km at middle and low latitudes respectively. The
results were used to derive a topside ionospheric composition model.

Hoffman (1970) used a combination of techniques (1) and (3) to obtain
nighttime composition data near apogee versus geomagnetic latitude. The
data were obtained with experiment D, and the altitude range used was

actually from 2200 to 3000 km. At low and middle latitudes the H* density

was found to be about 3 orders of magnitude greater than the O% density. At
about 60 degrees geomagnetic, however, (in the local summer) an abrupt

decrease in H* density was observed with a corresponding rapid increase in

O*, making Ot the dominant ion at latitudes greater than 60 degrees. In the
polar regions the roll modulation seen in the ion spectrometer data revealed

that H* ions were flowing upward with a velocity of 10 to 15 km s’!. This
observation provided the first experimental evidence for the existence of the
polar wind.

4.5 Conjugate Point Studies (Experiments A, B,, B,, and E)

4.5.1 Introduction

Theoretical considerations relating to electron temperature in the
ionosphere led Hanson (1963) to conclude that photoelectrons released
above 300 km and having energies in the range 5 eV to 50 eV could escape
from their local source and travel along geomagnetic field lines to the
magnetic conjugate point in the opposite hemisphere. Hanson calculated
that the flux of these energetic photoelectrons should be about 108 electrons
cm? s7!. Indirect evidence for the existence of these non-local
photoelectrons was provided by Cole {(1965a) who showed theoretically that

these photoelectrons could produce observed predawn enhancements of the

19 The line of apsides is a straight line from apogee to perigee. Since
the actual apogee and perigee do not occur at the same time, the
line of apsides actually connects the apogee and perigee of the
"instantaneous” orbit.
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6300-A airglow. Similar support for the concept of photoelectrons traveling
along field lines was provided by Carlson (1966). Carlson showed that
predawn increases in electron temperature observed at the Arecibo Iono-
spheric Observatory could be explained by photoelectrons coming from the
sunlit magnetic conjugate ionosphere. The first experimental evidence and
measurements of these energetic photoelectrons (also called eV electrons
or suprathermal electrons) were obtained with Explorer 31 experiments A,
B, and B,.

4.5.2 Measurements of Conjugate Photoelectron Flux

Rao and Donley (1969) used experiments A and B, to measure suprathermal

electrons when one end of the geomagnetic field line passing through the
satellite was in darkness and when the other end was near sunrise. By
making measurements at different locations and on different days, data were
obtained at different times after conjugate sunrise, or equivalently for various

values of the solar zenith angle x. The values of x at 300 km were taken as
representative of sunrise in the ionosphere. The photoelectron flux was

found to start increasing when x was less than 102 deg (sunrise at 300 km).

A maximum value of 2.5x108 electrons cem? s! was reached when x was
about 60 deg. Simultaneous data from experiment B, showed that the

spectral distribution of these photoelectrons exhibited a broad maximum
between 5 and 10 eV. Theoretical calculations by Shawhan et al. (1970)

yielded values of photoelectron flux for values of x between 80 and 110 deg
that were in good agreement with the results of Rao and Donley (1969).

A concurrent study of conjugate point effects was conducted by Wrenn and
Shepherd (1969) who used experiment E to measure electron temperature
with the local ionosphere in darkness and varying degrees of solar
illumination at the conjugate point. The electron temperature was found to
increase from 1400 to 2400 K as the conjugate solar zenith angle (at 300
km) decreased from 98 to 90 deg. This enhancement was found to be
remarkably insensitive to large changes of altitude, latitude, or longitude.

The investigations of conjugate point effects conducted by Rao and Donley
(1969) were extended by Rao and Maier (1970) who measured the supra-
thermal flux both differentially and directionally with experiment Ba, the
electron temperature with experiment B1. and the ion temperature with ex-
periment A. In the night hemisphere Rao and Maier (1970) found the
electron temperature to increase from about 1500 to 3500 K as the solar
zenith angle in the conjugate hemisphere decreased from 126 deg to 77 deg.
The corresponding change in ion temperature was from 1500 to 3000 K
while the change in the suprathermal flux was from 2x107 to 15x107
electrons cm™? s’! for electrons with energies greater than 3.7 eV.
Surprisingly, the measurements also revealed the presence of an appreciable
return flow of photoelectrons from the night hemisphere back to the sunlit
hemisphere.
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4.6 Wake Effects (Experiments A, By, D, and E)
4.6.1 Introduction

The motion of a satellite creates a disturbed region around the satellite. In
the ionospheric plasma the disturbance includes a positive ion sheath
(typically a few centimeters in thickness for Explorer 31) and a downstream
wake with an unequal depletion of both electrons and ions. At the

Explorer 31 orbit the satellite velocity is roughly one order of magnitude
greater than that of the ions and one order of magnitude smaller than that of
the electrons. The spacecraft therefore sweeps out the ions and leaves a
wake in which ions are depleted. The electrons are also depleted in the
wake because electrostatic forces prevent a large electron-to-ion ratio from
being created in the wake. Wake effects extend many spacecraft diameters
downstream, but they are most pronounced close to the satellite surface.

These considerations have led to the following characteristics of the
Explorer 31 spacecraft. The satellite was spin-stabilized at 3 revolutions per
minute, the spin axis was maintained orthogonal to the orbital plane and the
sensors were mounted perpendicular to the spin axis.20 Thus each sensor
faced forward once each roll period; i.e., once every 20 seconds. One
important byproduct of this arrangement was a continuous variation in
sensor orientation which permitted measurements at all angles with respect
to the velocity vector from O deg (forward) to 180 deg (wake). These
measurements (at various angles of attack) are the subject of Section 4.6.

4.6.2 Wake Effects on Electron and lon Distributions

The first and perhaps the most spectacular demonstration of wake effects
on an Explorer 31 experiment was provided by the magnetic ion-mass
spectrometer data (experiment D). Hoffman (1967) showed that the
spectrometer data were extremely sensitive to the angle of attack. The
effects observed were also a function of mass, being much greater for heavy

ions such as 0% than for light ions such as H*. For example, at an altitude of
650 km the amplitude variation as a function of angle of attack was one

order of magnitude for HY, 2-1/2 orders of magnitude for Het and more
than 5 orders of magnitude for 0%.

Samir and Wrenn (1969) used data from experiment E to investigate the
variation of the electron density N, as a function of the angle 6 between the
probe normal and the velocity vector (angle of attack). Wake effects were
very small when 6 was less than 60 deg. A rapid decrease in N, was

observed when 6 was betweer. 90 and 150 deg and the maximum effect was,

20 The only exception was the sensor for experiment F, which was
mounted on the spin axis about 50 cm away from the surface of the
spacecraft.
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as expected, at 8 = 180 deg. Although the satellite sheath introduced an
error in the measurement of N, (see Section 4.3), the error was at least one
order of magnitude smaller than the wake effects at perigee. The wake

effects became less pronounced at higher altitudes, but they could be
detected up to apogee. The observed wake-to-front ratio

5 = N, (wake)
N, (front)

was about 0.01 at 550 km, 0.1 at 800 km and 0.4 at 1000 km. The values of

& were found to correlate very well with the average ionic mass values m*t
obtained from experiment F. This result indicated that the measurements
of § were consistent and that such measurements could serve as a

diagnostic tool to measure ion composition within a reasonable resolution.

Samir (1970) used the above dependence of § upon M* to explain the two

orders of magnitude discrepancy between Explorer 8 and Ariel 1 electron-
wake measurements. The Explorer 8 data were based upon measurements

at 1000 km where § should be about 0.4, and the Ariel 1 data were made in

an ionosphere where 07 was a major constituent; i.e., where § should be
about 0.01.

Samir and Jew (1972) published additional observations of wake effects as a
function of 6. In this study the measured values of N, (from experiment E)
were normalized to N, (front) and it was shown that the normalized data
were in excellent agreement with corresponding normalized data from

experiment B;. It was therefore established that experiment E could yield
accurate measurements of wake effects, although the absolute values of N,

from experiment E could be in error by as much as a factor of 5. The
satellite sheath effect on experiment E appeared to be equivalent to a
reduction of acceptance angle which remained essentially constant during a
satellite spin, and would therefore reduce by the same factor all N, values

versus 0. The normalized wake data obtained at various altitudes were found

to be in good agreement with the theoretical wake model of Liu and Jew
(1968).

Samir et al. (1973) used data from experiment A to study wake effects upon
N, as a function of 6. The measured values of N, were compared with N,

data from experiment E obtained under similar electroni temperature and
ionic mass conditions. In all cases the ion depletion was greater than the
electron depletion. The ion density was smaller than the electron density,
typically by one order of magnitude for 6 = 90 deg and by two orders of
magnitude for 8 = 150 degrees. These observations provided the first
experimental data showing quantitatively the ion-to-electron ratio in the
wake as a function of the angle of attack.
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Samir et al. (1975) compared the ion data of Samir et al. (1973) with the
wake models of Liu and Jew (1968) and Gurevich et al. (1969). The model
of Gurevich et al. was found to give better agreement with the data when at

least 20 percent of the ions were HY and when the Mach number was low.
For high Mach numbers the Liu and Jew model gave better agreement with
the data.

4.6.3 Wake Effects on Electron Temperature

Samir and Wrenn (1972) used data from experiment E to investigate the
variation of electron temperature T, as a function of the angle of attack 6.

The electron temperature was found to be relatively constant for 0 less than
90 degrees. A monotonic increase in T, was observed, however, when 6
increased from 90 to 180 degrees. The maximum increase, which occurred
at 180 degrees, was about 50 percent and relatively independent of ion
composition.

Further investigations of wake effects on T, were conducted by Troy et al.
(1975) using data from experiments B) and E. A total of 139 sets of Te

versus 6 curves was obtained under a variety of geophysical conditions. In
most cases the results were in agreement with those of Samir and Wrenn
(1972) in showing that (1) T, usually varies as a function of 8, (2) when a

variation exists a maximum value of T, occurs at 6 = 180 degrees, and (3)
the magnitude of the T, enhancement in the wake does not correlate with
the average positive ion mass. The study of Troy et al. (1975), however,
yielded a number of cases in which T, was essentially independent of 6.
Troy et al. also found that T, enhancements in the wake of 50 percent or

greater were relatively rare. Enhancements of 20 percent or less were more
common. The results of Troy et al. showed no clear evidence of either solar
illumination or geomagnetic effects.

4.7 Rocket Rendezvous with ISIS X

A Javelin rocket was launched from Wallops Island, Virginia, on August 15,
1966, to rendezvous with passes of the Explorer 31 and Alouette 2 satellites
(Hoffman et al., 1969). The rocket was instrumented with an ion-mass
spectrometer identical to that used on Explorer 31. Rendezvous experi-
ments between rockets and satellites have typically been performed to
check or extend satellite data. However, in the case of the rocket experi-
ment of August 15, 1966, the purpose of the rendezvous was to calibrate the
ion-mass spectrometer used in the rocket experiment. This spectrometer
had to be calibrated for the same reasons that the ion-mass spectrometer on
Explorer 31 had to be calibrated (see Section 3.8.3). The calibration of the
rocket instrument was done by comparisons with Experiment D on

Explorer 31 and with the Alouette 2 sounder.
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The rocket trajectory was due East at a latitude of 37.5 deg and the peak
altitude was 723 km. The Explorer 31 altitude at the time of crossing was
972 km. However, because of the variation with latitude in the satellite
altitude and because of the relatively uniform ionospheric conditions for a
few degrees North and South of the rocket latitude, experiment D yielded
representative composition data from about 800 km to 1100 km. The
validity of the calibration procedure was established by noting that a smooth
extrapolation of the rocket data was in good agreement with the 800- to
1100-km profile from Experiment D. This calibration of the rocketborne
jon-mass spectrometer made it possible to obtain accurate measurements of
ion composition at the rocket altitudes. In particular, it was shown that

previous estimates of the H™' concentration at altitudes between 200 and
400 km had been too high because the spectrometer was much more

sensitive to H* than to O*.
4.8 Langmuir Probe vs. Incoherent Scatter Radar Data

Electron temperatures T, (s for satellite data) obtained with the ISIS X
cylindrical probes (cylindrical probes on Alouette 2; experiments C, and C,

on Explorer 31) were compared with simultaneous observations of
incoherent scatter radar temperatures T,r from Jicamarca, Peru, and
Millstone, Massachusetts (Carlson and Sayers, 1970). A linear fit to the
observations yielded the relationship

T,. = (5/6)T,, - 400 K

For typical ionospheric temperatures this formula shows that T, - T,

ranges from less than 500 K to nearly 1500 K. Taylor and Wrenn (1970)
found, however, that the T, data from experiment E agreed with the T,

data from the incoherent scatter radar at Malvern, England. It was
suggested by Carlson and Sayers (1970) that the good agreement obtained by
Taylor and Wrenn (1970) might have been due to the rapid effective sweep
rate used by experiment E. The slow sweep rate used by the cylindrical
probe should theoretically have rendered this probe more sensitive to errors
produced by the probe work function, yielding temperatures that would have
been too high. Carlson and Sayers (1970) pointed out that laboratory plasma
work had shown that probe work function could cause Langmuir probes to
yield electron temperatures that are too high. Taylor and Wrenn (1970) also
found that experiment F yielded values of ion temperatures and ion densities
in agreement with corresponding data from the Malvern radar.

4.9 Vertical Temperature and Composition Profiles

A full description of the topside ionosphere requires not only the vertical
distribution of electron density (which can be derived from topside
soundings) but also the vertical distribution of other ionospheric parameters
such as plasma temperatures and ion composition. Unfortunately, the
satellite experiments that yield temperatures and ion composition do not
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provide the vertical variation of these parameters. Thus the Explorer 31
measurements yield data only at the satellite location. Several attempts,
based on theoretical considerations, have been made to overcome this
limitation. The distribution of charged particles at any level in the
ionosphere is represented by the equation of continuity which states simply

that the time rate of change of particle density 3N,/ ot is equal to the

production rate minus the (chemical + diffusion) loss rate. In spite of its
apparent simplicity, the continuity equation can be solved only in very
simple limiting cases. One limiting case is the diffusive equilibrium solution
where for each ionospheric particle 3N,/ &t = 0, production and chemical
loss rates are negligible, and diffusion velocity = 0. Even under these
conditions the theory must take into consideration all the major ionic
constituents, their respective temperatures, and the Coulomb attraction
between ions and electrons. A further assumption must be made, namely
that all ions are at the same temperature. An excellent review of the
diffusive equilibrium theory and of its applicability to the ionosphere has
been given by Bauer (1969).

Several authors have used various forms of the diffusive equilibrium
equations to derive vertical profiles of temperature and ion composition
from local measurements made by the Explorer 31 and simultaneous N(h)
profiles obtained by the Alouette 2 sounder. The analysis that required the
least number of assumptions was that of Smith (1968) who published one

typical result showing vertical profiles of T,, T, O*, and H*. Colin et al.
(1969b), using a somewhat simpler approach in which T,/T,, was assumed

to be constant for a given profile, obtained vertical profiles of ion
composition and plasma temperatures

_ (T, + Ti)
2

Tp

Regions of constant or slightly decreasing T, with height were found on 35
of the 37 analyses performed. Mayr and Brace (1970) suggested, however,
that the temperature results of Colin et al. (1969b) were incorrect because
of the presence of significant proton fluxes (i.e., §HT/8t = 0). Mayr and

Brace (1970} showed that an assumed proton flux of 1x10% cm™ s’! yield
results consistent with the Explorer 31 and Alouette 2 sounder data and a
T, profile that increases monotonically with altitude.

4.10 Suprathermal Electrons (Experiments B, and B))

Explorer 31 was the first spacecraft to include experiments designed to
measure the full range of suprathermal electrons; i.e., the range from 2 eV
to 200 eV. Previous measurements were either for energies greater than
50 eV or in the thermal range (i.e., typically for energies less than 2 eV).
Three of the Explorer 31 experiments were capable of measuring
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suprathermal electrons. Experiment A could measure the integral flux of
electrons with energies greater than 15 eV, experiment B, could measure

the integral flux of electrons with energies greater than 5 eV, and experi-
ment B, was designed to measure the energetic electron fluxes at different

threshold energies varying from about 2 volts to 200 volts.

Observations of suprathermal electron fluxes at high latitudes (Maier and
Rao, 1970) in the altitude range 1700 to 3000 km during the winter of
1965-1966 revealed the existence of three distinct zones. The first zone
(magnetic latitudes between 55 and 68 deg) exhibited a steady flux of
photoelectrons (see Section 3.9.2 for a discussion of photoelectrons in the
topside ionosphere). The second (or auroral) zone, corresponding to
magnetic latitudes between 68 and 80 deg, was characterized by a high and
variable flux containing precipitated particles in addition to photoelectrons.
The third (or polar) zone was for magnetic latitudes greater than 80 deg.
The flux in the polar zone was less variable than the flux in the auroral zone.
The polar flux was about one order of magnitude smaller than the flux in the
first zone. The observations of Maier and Rao (1970) also indicated that the
magnetic field lines were closed up to L = 7.7 for the photoelectrons. The
ambient electron temperature also appeared to depend on the level of flux
in the auroral and polar regions.

The nighttime suprathermal flux at low magnetic latitudes (O to 46 deg) was
measured by Rao et al. (1974). These measurements represented
background flux due to magnetospheric particles, since the photoelectrons
are absent at night. The equatorial fluxes (magnetic latitudes less than 15
deg) revealed a large systematic variation as a function of pitch angle, with
the maximum flux occurring for a pitch angle of 90 deg. The midlatitude
flux (magnetic latitudes between 30 and 46 deg) varied randomly with pitch
angle, and its amplitude was about one-fifth that of the maximum equatorial
flux. It was shown that this nighttime flux made a significant contribution to
the heating of the ambient (thermal) electrons.
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